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GENERAL INTRODUCTION TO THE SERIES. 


During the past few years the civilised world has begun to realise the 
advantages accruing to scientific research, with the result that an ever- 
increasing amount of time and thought is being devoted to various 
branches of science. 

No study has progressed more rapidl}" than chemistry. This 
science may be divided roughly into several branches : namely, Organic, 
Physical, Inorganic, and Analytical Chemistry. It is impossible to 
write any single text-book which shall contain within its two covers a 
thorough treatment of any one of these branches, owing to the vast 
amount of information that has been accumulated. The need is rather 
for a series of text-books dealing more or less comprehensively with 
each branch of chemistry. This has already been attempted by 
enterprising firms, so far as physical and analytical chemistry are 
concerned ; and the present series is designed to meet the needs of 
inorganic chemists. One great advantage of this procedure lies in 
the fact that our knowledge of the different sections of science does not 
progress at the same rate. Consequently, as soon as any particular 
part advances out of proportion to others, the volume dealing with 
that section may be easily revised or rewritten as occasion requires. 

Some method of classifying the elements for treatment in this way 
is clearly essential, and Ave have adopted the Periodic Classification 
with slight alterations, devoting a whole volume to the consideration 
of the elements in each vertical column, as will be evident from a glance 
at the scheme in the Frontispiece. 

In the first volume, in addition to a detailed account of the elements 
of Group O, the general principles of Inorganic Chemistry are discussed. 
Particular pains have been taken in the selection of material for this 
volume, and an attempt has been made to present to the reader a 
clear account of the principles upon Avhich our knowledge of modern 
Inorganic Chemistry is based. 

At the outset it may be well to explain that it was not intended 
to write a complete text-book of Physical Chemistry. Numerous 
excellent works have already been devoted to this subject, and a 
volume on such lines would scarcely serve as a suitable introduction 
to this series. Whilst Physical Cliemistry deals with the general 
principles applied to all branches of theoretical chemistry, our aim 
has been to emphasise their application to Inorganic Chemistry, with 
which branch ol the subject this scries of text-books is exclusively 
concerned. To this end practically all the illustrations to the laws 
and principles discussed in Volume I. deal with inorganic substances. 

Again, there are many subjects, such as the methods enqiloyed in 
the accurate determination of atomic weights, which arc not generally 
regarded as forming part of Physical Chemistry. Yet these are 
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siibkcts of supreme importance to the student of Inorganic Chemistry 

are accorLgly inchded in the Ii^ a, • vi 

Tlvdrooen and the ammonium salts are dealt with in \ oluinc IL, 
.^Iono■^vith the elements of Group I. The position ol the rare earth 
metds in the Periodic Classification has tor many years been a source 
o diflicultv They have all been included in Volume i v along with 
the elements of Group III., as this was found to be the most suitable 

VLaiiv alloys and compounds have an equal claim to be eomsidcred 
in two or more volumes of this series, but this would entail unnecessary 
duplication. For example, alloys of copper and tm nnglit be dealt 
with in Volumes II. and V. respectively. Su.ulai-ly, eertain double 

supP for example, as ferrous ammonium sulphate' might very 

loo'icallv be’included m Volume 11. under ammonium, and in Volume IX. 
under iron. As a general rule this dillieulty has been overcome by 
treatiiio' complex substances, containing two or more nictals or bases, 
in that volume dealing with the uietal oi basci w hiiii otiongs to the 
hio'hest oroiip of the Periodic Table. For cxamiik', the alloys of coiiper 
and tinware detailed in Volume V. along witli tin, since eopiicr oeeuvs 
earlier, namely, in Volume II. Similarly, ferrous ammonium sulphate 
is discussed in Volume IX. under iron, and not under aniinonium in 
Volume II. The fcrro-cyanides arc likewise dealt with, in \'oIume IX. 

But even with this arrangement it has not always liecm lound easy 
to adopt a perfectly logical line of treatment. For c.\ani|)le, in the 
chromates and permanganates the ehromiuin and manganesi^ i'unelion 
as part of the acid radicals and arc analogous to sulidiur and eliloriiic 
in sulphates and perchlorates; so that tiiey sliould he I realed in the 
volume dealing with the metal acting as base, namely, in the case 
of potassium permanganate, under |)otassiuni in X’olumc H. Hut the 
alkali permanganates possess such close analogies with one another 
that separate treatment of these salts lia.i'dly seems (h'sirable. d'hey 
are therefore considered in Volume Vll!. 


Numerous other little irregularities of a like nature oc;-ur, but it is 
hoped that, Iw means of carefully conifiiled iiidc-xcs and IVeqiu'iiL cross- 
referencing to the texts of the sefiarate volumes, the student will 
experience no difficulty in finding the information lie rc(inires. 

Particular care has been taken with the sections dealing with the: 
atomic weights of the elements in question, d'he ligures gie-eii arc not 
necessarily those to be found in the original memoirs, but liaxc been 
recalculated, except where otherwise stated, using llie following 
fundamental values : 


Hydrogen = 

1-00762. 

Oxygen 

- lO-OOO. 

Sodium = 

22*996. 

Sulphur 

32*0()a. 

Potassium = 

39*100. 

Fluorine 

10*015. 

Silver — 

107*880. 

('blorinc 

35* 157 

Carbon = 

12*003. 

Hroiniiu* 

70*0 10 

Nitrogen — 

14*008. 

Iodine 

12(;*02(), 


By adopting this method it is easy to coinpiare dirceSly I lie resulls of 
earlier investigators with those of more recent dale, and moreor'cr it 
renders the data for the dill'creiit elements strictly (‘()ni])aral)ki I hrou^'ji- 
out the whole series. 

Our aim has not been to make the volumes absolutely exbaustivc, 
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as this would render them unnecessarily bulky and expensive ; rather 
has it been to contribute concise and suggestive accounts of the various 
topics, and to append numerous references to the leading works and 
memoirs dealing with the same. Every effort has been made to render 
these references accurate and reliable, and it is hoped that the}' will 
prove a useful feature of the series. The more important abbreviations, 
which are substantially the same as those adopted by the Chemical 
Society, are detailed in the subjoined lists, pp. xvii-xix. 

The addition of the Table of Dates of Issue of Journals (pp. xxi-xxviii) 
will, it is hoped, enhance the value of this series. It is believed that 
the list is perfectly correct, as ail the figures have been checked against 
the volumes on the sliclves of the library of the Chemical Society by 
jMr. F. W. Clifford and his staff. To these gentlemen the Editor and 
the Authors desire to express their deep indebtedness. 

In order that the series shall attain the maximum utility, it is 
necessary to arrange for a certain amount of uniformity throughout, 
and this involves the suppression of the personality of the individual 
author to a corresponding extent for the sake of the common welfare. 
It is at once my duty and my pleasure to express my sincere appre- 
ciation of the kind and ready manner in which the authors have 
accommodated themselves to this task, which, without their hearty 
co-operation, could never have been successful. Finally, I wish to 
acknowledge the unfailing courtesy of the publishers, IMessrs. Charles 
Griflin & Co., who have done everything in their power to render the 
work straightforward and easv. 

J. XEWTOX FRIEXD. 

Januariy 1931. 




PREFACE. 


Of the three elements dealt with in this volume, two are of compara- 
tively recent discovery, the existence of tellurium being recognised 
only in 1T98 and that of selenium about twenty years later. Sulphur 
has been known from antiquity, and there is evidence that its inham- 
mable and fumigating properties were made use of 3000 years ago ; by 
the alchemists it was regarded as the “ principle of inflammability ” 
and included as one of their tria jmma : to the phlogistonists it was a 
compound of phlogiston and sulphuric acid ; Lavoisier, in 1777, how- 
ever, showed it to be a true element, and to-day it is undoubtedly 
recognised as one of the most important. 

The part now played in chemical industry by sulphur and its wide 
variety of compounds scarcely needs emphasis. The astonishing 
increase in the production of sulphur and sulphuric acid during the 
last two decades, made possible by the discovery of the vast deposits 
of sulphur in Louisiana, is itself indicative of widespread ap]flications. 
Many of the compounds of sulphur are notable for ]mssessing valuable 
pro])erties, and their use extends into almost every branch of- modern 
industry ; their chemical investigation has contributed much to the 
advancement of science and to the amenities of domestic life. Prob- 
ably in no direction has sulphur more widely and directly inllucnecd the 
general public than in connection with methods of transport, which 
have been revolutionised by the introduction of sulphur- vulcanised 
rubber as a wear-resisting, shock-absorbing material for the equipment 
of wheels of motor vehicles. 

Selenium and tellurium arc generally considered rare elements and 
are not found in abundance ; each, however, has a claim to s])ccial 
interest. The ]mculiar electrical })ropcrties of selenium a])peal especially 
to the ])hysical chemist, l)ut the com])ounds ot this clement arc of 
growing importance, cs]:)ecially in their application to the glass industry. 
Both selenium and tellurium offer attractive fields for researcli. In tlic 
case of tellurium, owing to what had been considered an erroneous 
value for the atomic weiglit, tlcc very considerable amount of work 
done in the past has been too much confined to one direction ; interest 
in the chemistry of tellurium appears now to be widening, however. 

xi 
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Every effort has been made to render the present work of a high 
standard of usefulness and worthy of the Series. 

The Authors desire to thank the Editor, Dr J. Xewton Friend, for 
his kindly help and advice throughout the production of the work. 


January 1931. 


REECE H. VALLANXE. 
D. F. TWISS. 

A. R. RUSSELL. 



contents. 


P.\GE 

The Periodic Table {Frontispiece) . . . . iv 

General Introduction to the Series . . . vii 

Preface . . , . . . . xi 

List of Abbreviations ..... x\Ti 

Table of Dates of Issue of Journals . . . xxi 

Chapter I. General Characteristics of the Elements of 

Group VI., Subdivision B . . . ,3 

Chapter IL Sulphur . . ... 8 


Occurrence, Extraction, Refining, Application;? — The Allotropy of Sulphur : 
Changes in the Vaporou.s State, Allotropy in the Liquid State, Allotropy 
in the Solid State, Crystalline Forms of Sulphur, Amorphous Sulphur — 
Colloidal Sulphur — General Physical Properties of Sulphur — Chemical 
Properties — Valency — Atomic Weight — Dek-ction and Estimation. 


Chapter III. Compounds of Sulphur . . .46 

General. 

SuLEHUR AND IIydrocen : — Hydrogen Sulphide : Occurrence, History, Forma- 
tion and Preparation, Purification, Physical Properties, Chemical Properties, 
Physiological Action, The Metallic Sulphides, Detection and Estimation 
— The Polysulphides ; Polysulphides of the Hetals, Hydrog-en Poly- 
sulphides. 

Halides and Oxyhalides of Selpiiur Fluorides, Chlorides, Sulpimr 
Bromide, Sulphur and Iodine, Oxyfiuorides, Oxychlorides, Thionyl Bromide. 

Sulphur and Oxygen : — General — Sulphur Dioxide : Occurrence, Preparation, 
Physical Properties, Chemical Properties, Physiological Action, Applications, 
Detection and Estimation, Formula and Constitution— Sulphurous Acid : 
Formation, Propertie.<, Detection and Estimation, The Sulphites, Consti- 
tution-Sulphur Ti'ioxiflc : Historical, Formation and Preparation, 
Physical Properties, Chemical Properties, Constitution — Pyrosulphuric 
Acid : Preparation, Physical Propertic.s, Chemical Properties, Constit ution, 
Estimation, Pyrosulphates — Sulphuric Acid: Occurrence, Early History, 
Formation, Manufacture, The " Lead Chamber ITocess,” The Contact Proce.ss, 
Physical Properties, Hydrates, Chemical Properties, Applications, The 
Sulphates, Molecular W eight and Constitution, Detection and Estimation 
— Persulphuric Anhydride — I'erdisulphuric Acid and the Perdisiilphates 
— Permonosulphuric Acid (Caro's Acid) — Amidopcrmonosulphuric Acid 
(Hydroxylamine-kasulphonic Acid)— Thiosulphuric Acid and the Thio- 
sulphates The Polythionic Acids and Polythionates — Sulphur Sesquioxidc 
— Hydrosulphurous Acid and the Hydrosulphitcs. 

VOL. vn. : IL xHii 


h 


iv SUJ.PHUR, SELEXIOI, AXD TELLUEIOI. 

Si-U-Hi-R AKD Xrreo«x:-NitrD,2en Sulphides Sulphamnionium He^^«s'iiph- 
■ anude, Chloro- and Bro.no-sulphidos, Thiazyl Salts-Amidcs ot the Sulphur 
Oxy-aeids-Sulphonic Atids-Sulphur Compounds of Hydroxylamme and 

Hvdrazine. , i a 

SuLPiirR -VXD CvREOX:— Carbon Subsulphicle, Cai-bon Aionosiilplncie— Carbon 
Disulphide and its Derivatives, Reduction Products of Carton Disulpnide, 
Tiiio-aeids and -salts Derived from Carbon Disulphide— Carbon Oxysulphide 
-~Halo<zen Derivatives of Sulphur and Carbon — Amino-derivatives ot lino- 
carbonic Acid— Thiocyanogen and Its Derivatives, Thiocyanic Add and die 
Thioevanates. 


Chapter IV. Selenium ..... 

Occurrence, Extraction and Purification— The Allotropy of Selenium—Colloidal 
Selenium— General Physical Properties of Selenium— Chemical Properties — 
Applications of Element — Pliysiological Action — Atomic "W eight -V alency 
Constitution of Selenium Molecule — Detection and Estimation of Selenium. 


Chapter V. Compounds of Selenium . . . 311 

General. 

Sel?:niu.m and Hydrogen : — Hydrogen Sclenidc and liie Metallic Selenides. 

Co.MPorNDS OF Selenil’M with the Halogens: — Fluorides, Chlorides, Hro- 
inides. Mixed Halides, Selenium and Iodine, Oxyfluoride, Oxychlorides, 
Oxybromide, Chloroselenic Acid. 

SEi.ENir.M AND OxYGEN ; — Gciicral — Solenuim Dioxide, Setienious Acid and the 
Selenites — Selenium Trioxide, Seienic Acid and the Selemues — Persehmic 
Acid. 

CfLMrorNDs ('ONTaining Selentt-m and Sn.rHi.'R : — Selenium Sulphoxide— 

S e 1 e n 0 1 1 1 i 0 n 1 c A c i ( 1 s . 

SELihNirx AND Xjtrogen : — ScIcniiiTU Xitridc — Ahtrosylsclonic Aeid. 

Selenium and Phosphorus : — Phosphorus Subselcmdc, Phosphorus .Mono- 
.selenide, Teirapliosjihorus Triselenide, Pliosphoriis Triselenaha Phos- 
phorus Pentaselcnidc — Phosphorus Cliloroselenide — Sclciiophosphalcs and 
( hxyselenopliosphates. 

Selenium and Carbon : — Carbon Diselcnide, Carbon Subseitmides, Carbon 
Oxyselenidc, Carbon Sulphidosclenide. 

Si:lenium and Cyanogen : — Cyanogen Selenides — Selcnocyanie Acid and the 
Sdenocyanatf's. 

Selenium and Silicon : — Silicon Sclenidc. 

Seleniu.m and IhoRON Seleiiiun! Poride. 


CUAPTKPv VI. Tellurium ... 

(RAMricncc, Eany HErory, Extraction, Piirilication — Physical fh'opcrt ics— 
t neinicai iTopeiTics— Pliysiological Action — Atomic ' W'ejclit— ’ vHovs - 
detection and Estimai ion. 


CiiAPTEK VII. Compounds of Tellurium 


Genera: 


1 ELLT'KIUM AND HyDROG EN 
I ELLUE7UM AND PLUrfRiXK • 

Tellurium Gxytliioridcs. 


: — Hydrogen Tell arid e . 

lellarium letrafluoride, Tellurium Hcxafiuorjdc, 


rKELruir?.! and Chlorine 
Tchui-ium Pcrchhu'ate. 

! ELLURir:,: and Broaiini: 
Ta : : li ra u m 0 x y b r o m i < I c.- 


■Teilufiiim Diehloride, Tellurium Tcti-aehlondc— 
-TVlluvhim Dibromide, Tellui-ir,m Tetrabroniidc, 


ROf) 



CONTENTS. 


Tellurh'-M and Iodine Tellurium Tetra-iodicle. 

Telluiiium and Oxygen : — Tcilurium Monoxide — Tellurium Dioxide and the 
Tellurites — Tellurium Trioxide, Telluric Acids and the Tellurates. 
TELLEKiEEAr AND Selpher : — Tcllurium Disulphide, Tellurium Sulphoxide, 
Telluiium Sulphates, Telluropcntathionic Acid. 

TELLERIE3I AND SELENiLE^r : — Tcllurium Selonatc. 

Telll'riu.m and Nitrogen : — Tcllurium Nitride, Tellurium Nitrite, Basic 
Tellurium Nitrate. 

Tellerilem and CaRRON Carbon Sulphidotelluridc. 

Tellurium and Cyanogen : — Tellurium Dicyanide. 

Name Index ....... 


XV 

PAGE 


302 


S DEJECT Index 


414 




LIST OF CHIEF ABBREVIATIONS EMPLOYED 
IN THE REFERENCES. 


Abbreviated Title. 
AJhandL Fys. Kr-m. 

Arfier. Ghem. J . . 

Amer. J. Sci. 

Anal. Fis. Qwim. 

Analyst 
Annalen 
Ann. Chim. 

A7in. Chim. anal. 

Ann. Chim. Phys. 

Ann. Miyies 
A7171. Pfiarm. 

A7in. Phys. Ghern. 

Aim. Physik 
A7in. Physik, Beibl. 

A 7171. Sci. U7iiv. Jassy 
Arbeite7i Kaiserl. GesundhtUs 
a7ntc . 

Arch. exp. Pathol. Phar}7iak. 
Arch. Phar7n. 

Arch. Sci. phys. nat. 

Atti Acc. Torino . 

Atti Pi. Accad. Lined . 

B.A. Reports 

Ber. .... 

Ber. A had. Tier. . 

Ber. Deut. pharm. Ges. 

Ber. Dent, physikal. Ges. 

Bot. Aeit. 

Bid. Soc. Stiinte Cliij. . 

Bull. Acad. roy. Belg. 

Bull. Acad. Sci. Cracow 

Bull, de Belg. 

Bull. Sci. Pharmacol. . 

Bull. Soc. chim. . 

Bull. Soc. frang. Min. . 

Bull. Soc. 'nun. de Prance 
Bull. U.S. Geol. Survey 
Centr. Mm. 

Ghern. Pid. 

Ghem. News 
Che7n. Weekblad . 

Che7n. Zeit. 

Ghe‘7n. Zentr. 

Compt. rend. 

GrelVs A-nnalen . 

Dingl. poly. J. . 


Journal. 

Afhandlingat i Fysik, Ivemi ocli Mineralogi. 

American Chemical Journal. 

American Journal of Science. 

Anales de la Sociedad Espanola Fisica y Quimica. 

The Analyst. 

Justus Liebig's Annalen der Chemie. 

Annales de Chimie (1719-1815, and 1914 + ). 

Annales de Chimie analytique appliquee a ITndustrie, a 
TAgriculturc, a la Pharmacie, et a la Biologic. 

Annales de Chimie et de Physique (Paris) (1816-1913). 
Annales des Mines. 

Annalen der Pharmacie (1832-1839). 

Annalen der Physik und Chemie (1819-1899). 

Annalen der Ph\-sik (1799-1818, and 1900 + ). 

Annalen der Physik, Beiblattes. 

Annales scientihques de rUniversite de Jassy. 


Arbciten aus dem Kaiscrlichen Cesuridhcilsarate. 

Archiv fur experimentclle Pathologie und Pharmakologie. 
Archiv der Pharmazie. 

Archives des Sciences physique et naturelles, Geneve. 

Atti della Rcale Accademia dclle Scienze di Torino. 

Atti della Beale Accademia Lincei. 

Biitish Association Reports. 

Berichtc der Lcutschen chcrnischen Gesellschaft. 

Sec Sitzn7i(j.<ber . K. Akad. lTi6\9. Berlin. 

Berichte der Deutschen pharmazeutischen Gesellschafb. 
Bericlite der Deutschen pliysikalischen Gesellscliaft. 
Botanischc Zeitung. 

Buletinul Societatei de Stiinte din Cluj. 

Academic royale de Belgique — Bulletin do la Classe des 
Sciences. 

Bulletin international de T Academic des Sciences de 
Cracovie. 

Bulletin de la Societe chirnique Belgique. 

Bulletin des Sciences Pharmacologiques. 

Bulletin de la Societe chiinique de France. 

Bulletin de la Societe t'ran 9 aisc dc Mineralogic. 

Bulletin de la Societe mineralogique de France. 

Bulletins of the United States Geological Survey. 
Centralblatt fur Mineralogic. 

Die Chemische Industrie. 

Chemical News. 

Chemiscli Weekblad. 

Cherniker Zeitung (Cothen). 

Chemisches Zentralblatt. 

Comptes rendus hebdomadahes des Seances dc TAcademie 
des Sciences (Paris). 

Chemische Annalen fur die Freunde der Natuiiehre, von 
L. Crelle. 

Dingler’s polytechnisclies Journal, 
xvii 



SULPHUE., SELEXimi, AXD TELLUEIOI. 


Abbreviated Title. 
Drude's Annalen 
Ehdroch. Met. Mid. 

Eng. a lid Mill. J. 

GazzHta . . . • 

Gehhn's Allg. J. Gheni. 

Geol. Mag. 

Gilbert' Anmlen 
Gtoni. di Scieiize Xatundi ed 
Econ. .... 
Helv. Chilli. Ada 
Ini. Zeitsch. 3'Ietallographie . 
Jahrb. kk. geol. Reichsand. . 

Jahrb. Miner. 

Jahresber. .... 
Jenaische Zeitsch. 

J. Amer. Chem. Soc. . 

J. Chem. Soc. 

J. Chilli, plugs. , 

J. Gasbeleuchtmg 
J. Geology .... 
J. hid. Eng. Chem. 

J. Inst. Metals . 

J. Miner. Soc. 

J. Pharm. Chirn. 

J. Physical Chem. 

J. Physique 
J. prakt. Chem. . 

J. Russ. Phy<3. Che in. Soc. 

J. Soc. Chem. hid. 

Landic. Jahrb. 

Mem. Coll. Sci. Kyoto. 

Mem. Paris Acad. 

Monatsh 

Mon. scieiit. 

Miinch. Med. Wochenschr. . 
Mature .... 
Nuoi'o dm. 

Oesterr. Chem. Zeii. 

Ojuers. K. Vel.~Akad. Foih. . 

PJliigers Archiv . 

Pharm. Post 
Phann. Zcntr.-h.. 

Phil Mag.. . . ; 

Phil. Trans. 

Phys. Review 
Physikal. Zeitsch. 

Pogg. Annalen . 

Proc. Ch mn. Soc. 

Proc. K. A had. Welensch. 

Arnisiei dam . 

Proc. Roy. Irish Acad.. 

Pioc. Roy. Pttil. Soc. Glasgow 
Proc. Roy. Soc. . 

Proc. Roy. Soc. Edin. . 


Journal. 

Annalen der Pliysik (1900-1900). 
Eiectrocliemical and -Metallurgical industry. 
Engineering and Mining Journal, 

Gazzetta chimica italiana. 

Allgemeines Journal der Clicmic. 

Geological Magazine. 

Annalen der Physik (1799-1824). 


Giornale di Seienze Xaturali ed Econo miclie. 

Helvetica Chim. Acta. 

Internationale Zeitschriit fiir Metallograpliie. 

Jahrbucli der kaiserlich-konigliclien geologisclien Peichsan- 
stalt. 

Jahrbucli tur Mineralogic. 

Jahresbericlit uber die Eortsebritte der Cbcmie. 

Jenaische Zeitsclnift fur Xaturwissensebaft. 

Journal of tlie Amcuican Chemical Society. 

Journal of the Chemical Society. 

Journal de Cluinie physique. 

Journal fur Gasbeieuchtung. 

Journal of Geology. 

Journal of Industrial and Engineering Chcniistry. 

Journal of the Institute of Metals. 

Mineralogical Magazine and Journal of the ^Lincralogical 
Society. 

Journal de Pharmacie ct de Chimie. 

Journal of Physical Chemistry. 

Journal de Physique. 

Journal fur praklische Chemie. 

Journal of the Physical and Chemical Society of ilussia 
iPetrograd). 

Journal of the Society of Cliemical Industry. 
Landwirtschafiliche /Pihrbuclicr. 

Memoirs of the College of Science, Kyoto Imperia: 
University. 

Memoirs presentes par divers savants a rAce.deniie dcj 
Sciences do ITnstitut dc' Erjincc. 

Monatshefte fiir Chenue und verwandu^ J'heile aiulcrer 
Wissenschaften. 

Moniteur scientilique. 

Munchener Medizinische Woclicnschrift. 

Nature. 

II nuovo Cimento. 

Oesterreichische Ciicmiker-Zoituiur. 

Ofversigt af Konghga Vctcnskaps-Akadcmicns IValiand- 
lingar, 

Archiv fur die gesaramlo Physiologic dcs Mciischcji iiiu' 
der Thiere. 

Pliarmazeutischc Post. 

Pharmazeulisclie Zcntralhalle. 

Pliilosoiycal Magazine {T])e London, Ihlinljureli and 
llublm). ' ’ 


Philosophical Transactions 
London. 


iyal Societv^ of 


Paysikalische Zeitschrift, 

Poggcndoi'lr s Annalen der Phvsik und Clu* 
1877). 

Proceedings of the Chemical Society. 
Koninkhjkc Akadmnie yan Wctcn.sciia]ipcn to 
lAoceedmgs 'Encdisli Version) 

Proceedings of the Royal Irish Academy 
Proceedings of the Royal Philosophical Society 
Proceedings ot the Royal Societ; of London ^ 
iroceedings of the Royal Society of EdinburMi 



LIST OF CHIEF ABBREVIATIONS. 


XIX 


Abbreviated Title. 

Rec. Trav. cJiim. 

Roy. Inst. Re-po/ls 
Schweiggen s J. . 

Sci. Proc. Roy. Dahl. Soc. 
Sitzungshc./'. K. A tad. II-’L-a 
Berlin. 

Siizungsber. K. A^tad. Wiss. 

Wien .... 
Techn. Ja/iresber. 

Trans. A rner. Blecb ocheni, Soc. 
Trans. Chem. Soc. 

Trans. Inst. Mm. Eng. 

Trav. et Mehi. dn Bareau 
inter'll, des Poids et J\Ics. 
Verh. Ges. dent. Is ainrforscli. 

Aerzte .... 
Wied. Annalcn . 

W issenscliajll. Abhandl. phy^.- 
iech. Reichsanst. . 
Zeitsch. anal. CJiern. 

Zeitsch. angeio. Cheni. . 
Zeitsch. anorg. Chern. . 
Zeitsch. Chern. 

Zeitsch. Chern. End. Kolloide . 

Zeitsch. Eletirochein. . 
Zeitsch. Kryst. Mui. 

Zeitsch. iSalir. Cenass-rn. 

Zeitsch. physital. Cheni. 

Zeitsch. phgsinl. Chern. 

Zeitsch V'iss. Photochem. 


JOEKXAL. 

Rccueil des Travaux chimiqucs des Pay-Bas et de la 
Belgique. 

Reports of the Royal Institution. 

Journal fur Chemie und Physik. 

Scientific Proceedings of the Royal Dublin Society. 

Sitzungsberichte dor Kdniglich-Pieussischen Akademic de 
Wissenschaften zii Berlin. 

Sitzungsberichte der XonigUcli-Ba\-crischen Akademie 
der AVissenseliaften zu \Vien. 

Jahresbericht uber die Leist ungen der Chemischen 
Technologic. 

Transactions of the American Electroclieniical Societtc 

Transactions of the Chemical Society. 

Transactions of the .Institution of Mining Engineers. 

Travaux et Memoires du Bureau International des Poids 
et Mesurcs. 

Verhandlung der Gescllschaft deutschcr Naturforscher und 
Aerzte. 

IViedemann's Annalen der Physik und Chemie (1877-- 

1899). 

Wissenscliaftliclic Abhandlungen der pliysikalisch-tech- 
nischen Reichsanstalt. 

Zeitschrift fur analytische Chemie, 

Zcitsclirift fur angewandte Chemie. 

Zeitschrift fur anorganische Chemie. 

K)‘nisehe ZOtscluift fiir Chemie. 

Zcitsclirift iur Chemie und Industrie des Ivolloidc (con- 
tinued as Kolloid-Zcitschrift). 

Zeitschrift fur Elektro chemie. 

Zeitschrift fur Krystallogra])hie und Mineralogie. 

Zeitschrift fur Untersuchiing der Nalirungs- und Genuss- 
mittcl. 

Zeitschrift fur physikalischc Clicmie, Stocliiomcti’ie und 
Venvandtsehaftslehre. 

Hoppo-Setder's Zeitschrift fiir pIiysioloLnschc Chemie. 

Zeitschrift fur wissenschaftljclic PdmlogTaphic, Photo- 
pliysik. und Photochemie. 




TABLE OF DATES OF ISSUE OF JOUBNALS. 


For the sake of easy reference, a list is appended of the more 
important journals in chronological order, giving the dates of issue of 
their corresponding series and volumes. In certain cases the volumes 
have appeared with considerable irregularity; in others it has occa- 
sionally happened that volumes begun in one calendar year have 
extended into the next year, even when this has not been the general 
habit of the series- To complicate matters still further, the title-pages 
in some of these latter volumes bear the later date — a most illogical 
procedure. In such cases the volume number appears in the accom- 
panying columns opposite both years. In a short summary of this kind 
it is impossible to give full details in each case, but the foregoing 
remarks will serve to explain several apparent anomalies. 


i 

j 

Year. | 

Amer 

J Sci. 

O ^ 

< 

Ann. ' 
Min. : 

Arch. 

Pliarin, 


Gilbert’s 

Annalcn. 

I 

-0 

! 

Pliil. i 
Mag. j 

Phil. : 
Trans, 


isoo i 


(1)32-35 




4-6 ! 


5-8 1 

90 

... 

1 : 


36-39 




7-9 



S-ll 1 

91 


0 


40-43 




10-12 i 


11-14 ! 

92 

... 

3 ; 


44-47 




13-15 ^ 


14-17 1 

93 

... i 

4 : 


48-51 I 




16-18 


17-20 ! 

94 

•• i 

1805 


52-55 : 




19-21 


20-23 ' 

95 


6 


56-60 ! 




22- 24 


23-26 i 

96 


/ 


61-64 i 




25-27 


26-29 : 

97 


8 


65-68 i 




28—30 


29-32 

98 


9 


69-72 1 

... 



31-33 (1) 1^ 

33, 34 

99 


ISIO 


73-76 •• 




34-36 

2 

35. 36 

100 


11 


77-80 1 




37-39 

3 

37, 38 

101 


1-2 


81-84 




40-42 

4 

39, 40 

102 


13 : 


' 85-88 ' 




43-45 

5 

41, 42 

103 


14 ■ 


: 89-92 




46-48 

6 

43, 44 

104 


1 1815 1 


93-96 



i 

49-51 

(2) 1 

45, 46 

105 


16 ; 


(2) 1-3 




52-54 

9 

47, 48 

106 


■ 17 


4-6 

1, 2 



55-57 

3 

49, 50 

107 


: 18 


7-9 

3 



58-60 

4 

51^ 52 

108 


19 


10-12 

4 



61-63 

7> 

53, 54 

109 


^ 1820 

2 

13-15 

5 


1-3 

64-66 

6 

55, 56 

no 


21 

3 

16-18 

6 


4-6 

67-69 

7 

57, 58 

111 


22 

1 4, 5 

19-21 

7 

: b 2 

7-9 

70-72 

s 

' 59, 60 

112 


28 

1 6 

22-24 

8 

; 3-6 

10-12 

73-75 

9 

: 61, 62 

113 


24 

I 7, S 

25-27 

9 

; 7-10 

^ 13-15 

7 6 

10 

63, 64 

114 

b 2 

■■ 1825 

i 9 

i 28-30 

10, 11 

■ 11-14 

' 16-18 

.-3 . 

i 11 

65, 66 

, 115 

3-5 

26 

27 

1 10, 11 
12 

31-33 
34-36 ( 

12. 13 

■2n, 2 

15-19 
. 20-23 

19-22 

23-26 

5 HxA 

^ 12 

1 13 

67, 68 
,(2)b 0 

' 116 
! 117 

6-8 

9-11 

28 

18, 14 

37-39 

3, 4 

j 24-26 

27-30 

^ ^ 5 

i 14 

i 3, 4 

! 118 

12-14 

29 

15, 16 

40-42 

5, 6 

i 27-30 

31-34 


. 15 

! 5, 6 

: 119 

15-17 


First series known as Bulletin cle Pharniacie. 



SX'LPHUR, SELEXiroi, AXD TELLUtULAI. 





Joining Series 1 and 2 together. Also written as (3) 1, 


XXIV 


SULPHUR, SELENIUM, AND TELLURIUM, 



See footnote, 




87, 88 3 18-20 

89, 90 4 21-23 



SULPHUR, SELENIUM, AND TELLURIUM. 




TABLE 01' DATES OF ISSUE OF JOURNALS, 


XXVll 



Sec footnote, p. xxii. 





A TEXT-BOOK OF 
INORGANIC CHEMISTRY. 
VOLUME VII. PART II. 


VOL. VII. : II. 


1 




A TEXT-BOOK OF 

INOEGAXIC CHEMISTRY, 


VOL. Vir. PART 11. 

SULPHUR, selexiu:m, and tellurium. 


CIIAPI’ER I. 

GENERAL CHARACTERISTICS OF THE ELEMENTS 
OF GROUP VI., SUBDIVISION B. 

SuBDivTsiox B of the Sixth Group of the Periodic Table contains live 
elements, namely, oxygen, sulphur, selenium, tellurium and polonium. 
Of these, the so-called “ typical ” clement, oxygen, and the radioactive 
polonium, also known as radium F or radio- 
tellurium, are described elsewhere in this series.^ 
Tlie elements form a natural groui:) tlie distinc- 
tive cliaracteristics of which difl'cr sharply from 
those of the neighbouring elements in Groups 
Vb and VIIb. Even with tlie elements of tlie 
chromium grou]D tlie relationships are not very 
marked - except in those compounds containing 
the elements in the lughest stage of oxidation. In 
general tlie valencies exhibited botli with regard 
to oxygen and the halogens arc numerically equal 
to two, four and six. Oxygen itself is unique, but 
sulphur, selenium and tellurium show tlicir closest 
resemblance to the dements of the chromium sub- 
division in the scries of acidic trioxides. MO 3 , 
and their derivatives. The metallic snlpiiatcs 
and sdenates arc analogous to and often isomorplious with the corre- 
sponding chromates and molybdates, but even in this respect the 
tdluratcs arc exceptional and show little analogy eve]i to the selenates. 
In hotli subdivisions the acidic nature of the trioxides diminishes with 
increased molecular weight. 

As early as 1 828 the resemblance of sulplmr to selenium was recognised 
both by Dumas and Berzelius, and tlie inA'cstigations of the latter into 
tlic chemical bdiaviour of tellurium definitely placed tliis dement in a 
triad witli tlie other two. Dumas, however, observed that oxygen, 
altliongli so exceptional in its jiropcrties, approaches jnore closely to 

^ For Oxygon, see this 8eric.?, Vol. V.IT., Part I. ; for Polonium, sec Vol. III., Part I. 

- The general characteristics of tlie elements of Subdivi.sion A are dealt with in this 
Series, Vol. Vil., Part III., Chapter I. Those of the elements of Group VI, considered 
as a whole are dealt with in Vol. ATI., Part I., Chapter I. 
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sulphur than to any other element, and the unity ot the subdivision 
wis thus recognised. There is not, however, a consistent gradation 
in'oroiierties from O-vygea to tellurium, the change being greatest from 
o.xvven to sulphur and least from sulphur to selenium. The difference 
between selenium and tellurium is somewhat accentuated by the 
definitely basic character e.vhibited by the latter element. Tills transi- 
tion tovwls the metal is scarcely apparent in selenium, c.xcept in tlic 
peculiar optical and electrical properties of the crystalline “ nietaliic ” 
variety. 

Tiie atomic volumes of the four elements lie on aii ascendino' brancli 
of Lothar .Afeyer^s periodic curve,i the positions bcino- iu accordaiiee 
with tlie iion-mctallic nature, low fusibility and ready volatility of tlic 
elements. The gradation in physical properties is indicated' in the 
following table ; 



1 Oxygen, j 

Sulphur. 

Selenium. 

TolJurium. 

1 Atomic weight . 

16*00 ; 

32*065 

1 79-2 

127*5 

1 Colour . . ! 

Bluish 

Yellow 

i Kcd and 

Silvet'y - grey 




; 8'1’e.V' 

and brownis'h- 

1 




blaek 

1 Density (solid) . 

1*426 ^ 

1 •96-2*0/ 

; I-28-4-7S 

5*85-6*31 

i Alelting-point, C. ; 

-210 : 

110-119 

, i8()-2i7 : 

452 

i Boiling-point, ^ C. ; 

-183 

444*5 

690 ' 

1390 


Sulphur, selenium and tellurium exhibit allotro-py, and in certain 
of their crystalline forms the dements arc isomorplKUis. As woidd })c 
expected from the increased positive character ot tdluriuni. tiie allo- 
tropy of this element is less well defined. In fhc licpiid (‘ondition the 
elements are miscible with one anotlier and yield inixcai (U’vsLnls ; tlie 
ternary s}' stem, S— Se— Te, exhibits neither tine foriuaiion of'eonipouiuis 
nor ternary eutectics, but contains two '/ones of eoni[)k‘l(' niise.ihilil;v^ in 
which there exist mixed crystals of selenium a.nd lelliirinm. with snloi.nr 
and of sulphur and tellurium with, selenium.- 

The atoms of all three elements show considerable' tendnnev to 
polymerisation, both in the vaporous state and in solmtium in vniions 
solvents. In the ^'aporous state, suiphur appears io ('xist, as S S 
Sp and S molecules in varying- proportions deixaidino- njxin Ihe'^'eoii- 
ditions; selenium behaves similarly, hut tellurium \;p)()iir appe-ars' io 
consist mainlv of Te.> and Tc molecules. 


The three elements resemble oxyg-cn in formino- j)inarv eoiniKauKts 
with metals, many of these occurring in nature. From tln-s'e eomjxninds 
by the action of acids, tlic following wc-II-known si-ries of h \ <jri(l(‘sC‘' n he 
obtained; H.,0, II.,S, lia'e. 'I'lu- .stai)ilitv of li,,;,. 

decreases with increased niolccular weight, and all nia.v ix- deconiix.sed 
by heat, water with diiiiculty at about gooo" hv(in>gcn sulphide at 
lOO-GOO' C., hydrogen, seicjiide al :',r>ir wbifsi' iiychae.vu | elluride 
decomposes slowly at ordinary tcinperai iircs. 'i'lie In' als of formal io'n ' 
ol the livdrides are as Ibllows : 


’ See tins Series, V'ol 1. 

^ Losana, Gazzetta, 1923, 53 , i., 390. 
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[II.,, O] liq., +68,300 calories ; [IL,, S (rhombic)], +2730 calories. 

[II9, Se (monoclinic)], —17,000 calories ; [Ho, Te],— 35,000 calories. 

The hydrides ol sulphur, selenium and tellurium, which are gaseous at 
ordinary temperatures, may be liquefied and solidiried with comparative 
ease. The boiling- and melting-points rise with increasing molecular 
weight : 



H+. 

H.Se. ! 

- 

! 

H+c. 

Boiling-point, 

°C. 

j 

i —61*8 

— 42 

— 1*8 

Melting-point, 

°c. 

— 

— 64 i 

i 

— 57 


The pliysical properties of water are anomalous, probably owing in part 
to molecular association,^ and in part to Iiigh dielectric properties. 

The hydrides are feebly acidic, the degree of acidity increasing with 
increase in molecular weigiit.- They react with metallic salts in solution 
to yield sulphides, selenides and tellurides, rcspectivchn Oxygen is able 
to displace the elements from the hydrides or their salts, thus : 

OoJ-2H2S-2S + 2H,0. 

0 2 + 2Xa 2 Tc“-l 211 2O - 2Te + IN+OH. 

Similarly, sulphur can displace selenium from hydrogen selenide. 

Hydrides containing higher proportions of sulphur have been iso- 
lated (see p. 47), but such are unknown in the case of selenium and 
tellurium. 

The three elements unite directly with the halogens, various products 
being obtainable according to the conditions prevailing and the relative 
proportions of the reactants present. The following compounds have 
been obtained : 


Type. 

1 

Conq^oiirids. 


XR, 

I SF, 

1 SeF„ 

IVF, 

i XR, 

: SF, 

j ScF, i 

TcF, 


SCl.i 

i SeCl, i 

! SeRv, i 

TeCq 

TeHiq 

Te+ ! 

1 XB2 

SCL 

; 

TeCf, i 

1 


: 

TcBk i 


i X2R2 S2F2 ScoCk 

I SoClo ScoBiq 
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The licxallaoricles, in wliicii tlie positive scxavalciicy oT the clenieivts 
is ex ident. arc atll stable gases wiiicli do not atcaek glass or decoin'pose 
spoiitaiK'Ouslv. Tlie tctralialides with water yield tlie lialogeii liydracids 
and acids ol' tlie type : tiiese latter acids are obtaaiied also with 

separation ol* the dement wlien lower halides are decomposed by water, 
thus ; 

2 S oCU + :3I UO I n C i -I- 1 USO 3 oS . 

This behaviour contrasts with that oi“ tlie Iialidcs oi‘ oxygen, xvhieli witli 
water jiroduce halogen oxyaculs. Sulphur and selenium do not coniliine 
with iodine. 


The following oxides arc known : 

! ■ 

■type. I 

(txido.s. 


! XO ' 


TeO 

Xo().> i 



X()„' I so., ! 

SeO. 

T(‘()., 

xo.. ’ so. i 


Ted); 


In addition, more* highly oxyg(*na‘u‘d compounds of sulphur of un- 
caa'tain composilion ha\(‘ been desci'incsi (se(‘ p. tP). as well as an 
intcamu'diiitt' oxide ol tdlurium, le./L (p. dPb). The lollowing nnxed 
ses( juioxides arc* also known: SSeO... .Sled... SercO.^, 

Tli(‘ dio.xides, widcli ar(‘ Formed by diree{ muon of the* (hsmsits, [ire 
most cli[ir[ieleiU( ie. d’.bey ;i!‘e [leidic. [ind wilh W[der prodnc(‘ acids 
oF the t\ p(“ ()\(( )i I 1 ndke sulphur dioxid(‘, 11 u* dioxides oF sdcuiiuni 
[Uul Idluriuiu ;U’e solids :i( oi’dinary I enpx'ral uiX's ; the coriX'spondiug 
:icids ai’(‘ also solids, bid whereas sclenii)ns aeid is readib' soluble' in 
water, telhiroiis aeid is onlx \ ery slightly sohil)le. d'lie Following lieaFs 
()!' t'ornndioii iiaxe* i)eeii { let < Tin i i ie< 1 : ‘ 


S, (}., 

Se, (1, 
tU . 

S. ()..rA(j. 
Se. i).,. A(j. 

d\', ol ih.U 


)l Pi .! in. I I II III ( )l 
( ) \ nil- 


ProCiiiS . 

OSn ea ioi'ios. 

‘ (has. 


nsu 

('r\st: 

dliiie solid. 

TOO .. '• 

Solid. 


Tso 

Aplleoils sohlt ion 

LtO 



ISO 

Solid. 



Pro 111 [ he torcaoiiiu dal a it is sen i that w lu-reas t iic alliml \ oF sc'k'ninm 
For oXN’gcii is mueii less than tliat oF siilphnr, tin- aFFmity oF t.c'llnrinm 
is [d)ont ('(jiial t(/ t Ind oF sidphnr. 

Tb(‘ acids and sidts derixed From tlio finoxides are W(‘ll defined, 
although selenium trioxich' itsciF lias not been isohd(‘d, and tdlnriiim 

^ vS<‘(* 'I’Ik )!n:( •[!. 7'lt> ml -/t/, tr.u'i l.io-ii li\ UurLc ( L( )a;_' mans, I'JOS) 

“ Sc'lnihina nil, ./. Ai/n/. ('/n/ti. Xf/n., I'JlIS, 47, Itai. 
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trioxide, unlike its sulphur analogue, is unacted upon by water. The 
heats of formation of the aqueous solutions of these acids are as follows : 

S, O3, Aq.=-142,4I0 calories. 

Se, O3, Aq.= 76,660 ,, 

Te' O3, Aq.== 98,380 

Again the heat effect is smallest in the case of selenium. Telluric acid, 
IToTe04, differs in some important respects from sulphuric and selenic 
acids. The latter are both liquids, possessing a strong affinity for wmter, 
whilst telluric acid is a crystalline solid which is not deliquescent and 
has no particular affinity for water, although soluble ; it is also a com- 
paratively weak acid. The three acids suffer reduction by the action 
of hydrogen sulphide, but the ease with which this is accomplished 
increases in the order sulphuric acid, telluric acid, selenic acid. Although 
this is at variance with the positions of the elements in the Periodic 
Table, it is in accordance with the thermochemical data already given. ^ 

In addition to the foregoing acids, sulphur forms a considerable 
number of other oxyacids, which are enumerated on p. 46. Selenium 
and tellurium do not yield corresponding acids, although selenosulphuric 
acid, 11080803, and selenotrithionic acid, HoSeS.oOg, corresponding to 
thiosulphuric acid and trithionic acid, respectively, are known. Nor 
do selenium and tellurium form pcracids corresponding to the per- 
sulphuric acids. 

Compounds with carbon of compositions CS.,, CSSe, CSe2, CSTe 
and CTco are known, as also are series of salts of the type AICXX, 
M representing the equivalent weiglit of a metal, and X sulphur, selenium 
or tellurium. The tellurium compounds of the latter class are unstable. 

The tendency to form complexes increases witlr the atomic weight 
of the element. Tellurium resembles iodine in entering into tlie forma- 
tion of iso- and hetero-poiyacids of the basic formula Te(()H)g. 

’ Benger, J. Am.tr. Clitm. Soc.^ .1917, 39 , 2179. 



CHAPTER 11. 

SULPHUR. 

Symbol, S. Atomic weiglit, 32-06(5). 

This element has been known since remote ages of antiquity on account 
of its occurrence in nature in the free condition. By the alchemists it 
was regarded as a constituent of many metals, and it was not until 
LaAmisier's investigations and his explanation of the jiroeess oi* com- 
bustion that sulphur was recognised as an elementary substance. In 
the pre-phlogistic period it was regarded by some as an essential con- 
stituent of combustible substances. Its common name brinistone was 
in Middle English '' hernMoN. ” or “ bren,st()n,'' indicating a combustible 
mineral ,* suljwr is tlie old Latin name; for the substance. 

Occurrence. — Sulphur is widespread in nature, although in the free 
state it is more or less localised. The (|uantity present in the upper 
layer of the earth’s surface has been estimated at ()•()!- per ecmtd In- 
dications have also been obtained of its existeiuu^ in the sun,- some of 
the hotter stars and in gaseous nebulas-' 

In the free or '' nati\'e ” condition sulphur is found al)undantly in 
A'oleanic districts, for exam])le in Sicily, Italy, Louisiana, Mexico, 
Texas' and Alaska U smaller (juantilic's oc.(!ur in dapan, (baxaaN Austria, 
Elungary, Germany, Franca^, Spain and (‘Iscnvhciaa Tin* (‘haiu'ut oc.curs 
sometimes in well-lormcd crystals, but, more commonly is mixeal with 
other mineral matter such as calcium sulphate (gypsum), strontium 
sulphate (cclestine) and reek salt. An orange-iaal \’ari(dy of native 
sulphur peculiar to Japan owes its (a)l()ur t.o tin* prescuuat of small 
quantities ot tellurium and sehaiium,'* whilst, a. black pyritic* sulphur 
containing traces of carbon ocamrs in M(‘xi(a) and Sout ii Spain, in the 
latter case being found in fantastic fountain-likc' formations. 

In all probability the history of tlu' formation of many ol‘ tlu^sc 
deposits oi’ sulphur is t.hat larg(‘ massi^s ol’ iron pyriti's, ha\hng under- 
gone thermal decomposition in tlu‘ earth with formation of sulphur and 
ferrous sulphide, liaA C subscapient ly Ixuai (‘xposcal t.o t !u' a(*tion of st.eam ; 
the i’errous sulphide' has thus g-ixa-n rise* to hvdr(>g(‘n sulphide' wiiic'h, 
issuing with the Aoleanic gasc's, has Ixa-oine oxidise'd with formation of 
free sulphur (s('C ]). 56). if I lu* ox id at ion of t lu' hydrogen sulphide' hael 

Clarke, C'Arvx A’or.s IStH), 6i,m. 

- Youn^, A'hif-r. J . Sri., iSTlk {in j, 4, .'kAl). 

^ Lockyer, Pror. IPry. Sor , I<)(i 7 , 80, [Aj, .AO. 

Howen, It/Yi), 123, 

^ Board of d'radc J Xovianbei' I!) 10. 

^ Divers and tSliimidzu, Chem. JSSIP 48, dS-l. 

^ YYiimann, a/if/av. ('firm., 11 ) 17 , ii, I (if). 

® Habeririann, Yed.vr/n r/z/o/Y/. CVn'///., il)()‘l,38, 101; see also \\a\ai'\v, doilr. Mhi., 1900 , 
202 ; Diltler, Koiioid-Zcil.^ch 1917 , 21, 27 . 
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proceeded further, sulphuric acid would have been produced, whicli by 
its action on tlie calcareous rocks would account i‘or the frequent con- 
tamination of the sul] 3 hur with sulphates, it is 'possible, however, tliat 
in some cases the deposits of sulphur owe tlicir existence to the decom- 
position of pre-existing mineral sulphates.^ 

Hydrogen sulphide is present in many miiicrai springs, and even 
free sulphur is occasionally found therein.- lMan\^ juetallic sulpliides, 
for example, iron pyrites, galena, zinc blende, stibnite and cinrnabar, occur 
abundantly. Sulphur dioxide, sulphites, sulphuric acid and sulphates 
are also found in nature, more especially in waters springing from 
volcanic earth, whilst tlie sulphates of certain metals such as calcium, 
barium and magnesium exist in large deposits. 

In the organic world sulphur is sometimes tound free ; certain 
micro-organisms and algtc whicli thrive in water containing hydrogen 
sulphide enclose sulphur in a non-crystalline condition.^ Combined 
sulphur is present in albuminoid substances, and is therefore found in 
all living animal and vegetable matter. The presence of sulpliur in 
coal in various Forms ^ is well known. Certain essential oils such as 
those derived from mustard and garlic contain combined sulphur, as 
also do petroleum and asphaltum in small and variable quantity. 

Extraction. — Of the total annual output of nearly 2} million tons 
of sulphur, almost the whole is produced by the United States and 
Sicily. The production iigures for 1928 were as follows : 


United States ..... 

1,081,873 cons 

Italy (includiiig Sieih') 

322,481 „ 

Spain, sulphur rock .... 

74,032 ,, 

,, , refined sulphur .... 

19,491 „ 

Ja]:)an, sulphur rock .... 

18,109 ,, 

,, , refined suljiluir .... 

08,902 ,, 

United Kingdom and Irisli Free State, 
spent oxide (average sulpliur content 
48-8 ])er cent.) ..... 

171,000 ,, 


The' remarkable rise in recent years of the indnstry in tlie United 
States is largely due to tlie introduction of new metiiods in mining the 
subterranean deposits. In Sicily and Italy, wlu^rc the extraction is 
an old industry, the '' ore rarely contains mu.ch abo\’e 1-0 per cent, 
of sulphur and is considered ricli if a])ovc 80 ])er cent. Tlie ])roccss of 
extraction is based on the liquation oi'tlie element. dUtliougli adl:empts 
have been made to supply tlie necessary In-at, directly^ or indirectly, by 
means of ordinary fuels, no system has jnoved so cliea]) as that utilising 


g .Kraus aud .Hunt, Ainer. J. Aci., lai.lO, jiv.l, 21 , C :>7 ; Knicinin 
3Iin., 1912, 63S. tor a u’lCthod (.f foriuanon by rliC' (iocornpo.su ion 
sulpliiles, see Bayer & Co., Cc.Dnuih CudUtT (iidd). For il 

deposits of sulphur at Moiiie Solloroso, Italv, see OnoriUo, Aiil //. 

[vi.g 8 , 243. 

- yoissan, Coirpt. rend., 19()2, 135 , 1278. 

Etard and Olivier, ConipL. rt,id , 1882, 95 , 84G , Olivier, ihnl., J 888 , 106 , 1 
and kSpilkcr, Ber., 1899, 32 , 2941. 

See Wohlgemuth, Ztiinrh. jihy.Aol Chmi., 1!)0.7, 43, dG9 ; a 
Zeitsch.. 1928, 202 , 36d. 


i\r-ueininer and Fwald, CV 


X OL a iccent invi'stiaation into tlie nature of liu' sulphur 111 Canadiati coal and coke, 
see Xicolls, Canada DepL Mines Fuel InceA.., J92G, 34 . 

^ Imperial Institute, T/ie Mineral Industry, Statistical Summary, 1920-28. 
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tb.c lical ()1 conil'/Usiioii Oi a ])art ol tlic sulpluir iiseiL Tlic old calcarone 
riiethod, vUiiUi is r.ow rapkily hoconiin..^- obsolete, consisted in building 
up, iisnnliv agaiast the side ot a hill and on a sloping floor, a huge heap 
(ealearone) e/i siilpluir ore* in snch a uniwucv as to give a mass eontnining 
vcTtical air eliannUs ; the* outsi{ie orth(‘ heap was ])rotectcd !)y a coating 
of earth or lUher ndnca-al suhslancca The mass was then bred tiear the 
base, and 1)V eanetully rc'gulating the course of tlie combustion, winch 
lasted for sewaaal weeks, tlie [)ro])ortioii of sulphur lost by atmospheric 
oxidatio]! (aiui hy the reduction of calcium sulpliatc^ to snhdiide) could 
be limited to ai)proxiniately one-third, the remainder collecting on the 
Door, wi-ienec it wuis pcaiodically run olT into rectangular moulds. The 
]jroduet thus ontaiiuai eonlaiiU'd S.I to 90 pea- eciit. ol' sul [dnir. 

Tlie toregoing process, })(-sid(‘s being uneconomical, sudered great 
disadvantage owing to the libta*alion of imnumse \-olunies ot sulphur 
dioxide into the atinosplu-re. This evil is mitigated to a considerable 
extemt in tliC‘ more* inodeam })roC(‘Ss. d’hc sulpliur ore is placed in a 
group or evclt^ of small kilns (Jonu'Ui). built of brickwork a,nd so arranged 
tiiat tlie lioi gasc'S gcUK'raicij in ‘he* first kiln pass sii(‘(*C‘ssi\'ely through 
tlie rcmiainder of tlm kilns, [he lull nundaa* of kilns riaaiuently being six. 
In soinc^ (*ases tli(‘ kiln is in I he ronn (T an ox tm co\’c‘rcd liy a cupola, 
inside* w'hieii is a smaller cupola coniaining a c(dcc fire*. I>y the time 
tusiem is complci.c in 1 in* hrst o\-cn. I In* <‘onl (*nt s oi’ tin* sce‘ond are already 
licaii'd to h’urning [ enip(*ra[ ure*, so llial [In* h(*at of (*om})Usti()n ot the 
sulpliur is more com})!ct<*iv utilised an<l a smaller proportion of sulplnir 
dioxide* pi'odueed.^ i'he pollnlioii ot lln* a! ni(>sph(*r(* re‘laUi\'e to the 
out pul of suiphiir is ilnis diminish(‘<l : a furliK*!* diminul.ioii in the 
d<'l(*l (‘lious iiilnu'Uce* (i’ tic* sulpimr <{i(»\id(' on \ (‘getat ion can be* e*l'f(*etcel 
b\’ res' riding Ihc pi’o<*es^ b* eciiam periods ol tin* y(*ar, allliougli with 
tin* newest types of plaiif Ihis is iiol ne(*essary, 'jin* yield of suljiliur 
ob/tained liy Ihcse Infer mdhods is murh larger (soi lU't inu'S by nO per 
(•(‘ill.) ihaii i)\' lh(‘ ealeai'oin* method, and lln* working is iiiiieli more 
rapid, ( In* read ion in tin* kilns g.eiierall\ 1 )eing eomph't (* a fU*!* a few' da,ys. 

The most imp( )rt a ill Oeposii'^ of snlpliiir in the world a.re those; oT 
Louisiana and h’exas, U.S..\.. wher** //. i''rns('h s mrU/od oj t’.rlrdrlloii is 
to! lowed.'-- h his of)\iales lin* I'oi-nialhui of siiljihur (ho\id(* and a,t the 
siintc lime \ idds a j)rodiid of siieli a degi-rc* ot pnrii\ (in sonn* we'lls as 
liigh as 99*!/ per eeiiL) as lo be sintabh* in iintsi (*ases tor dir(*(*L use. 
A ixuiiig is niad(' m liie carlh do-.'s n to the siilphin' si rat uni so tiuit a 
(*onlim!ous pi[>e can pa*^'> llieiie*- lo the siirtace ; the pips* eonsisl.s ot 
t lll'ee eolK'clil Tie I ul;es (see li-'. : }. Mlpel'liealed W a 1 (T, C.g. a I 1 a() (!., is 

to !’(*(•; 1 d ( ) w n 1 ! 1 e a ! 1 ii 11 1 a r pa «*(••'. . \ . . \ , ! >d w et -n i he < >i n er 1 1 1 bes, 1 1 1 order 
{(» nidi (he siiipliiir in the iiendib( ;ii!-ho{ )d of the <-nd ot lln* boi'ing, A 
blasi ol’ hi-aled air down the- iiinatsi tube, ih tiieii eausc's tin* mohe*ii 
siilphiir to be carried up bd•v\^•en tlie i \\ o inner lubes lo tin* surl'aee, 
W liel’e it !s eo!le<*t ed. ' 

Sraaller puaiit li les ot siilptnir are obi ained :ii 1 Ik* | »rel im inary roasting 
ot (*erlaiii siilfknde ()r’es wlu'i’e the desulphurised mass is re{jnir(.*d lor 

‘ in,!' ,1 u- '■! III! i' . .1 !)• .*. t> }o >'1 1 1.1 i!\ 1 ••ariiire. l:icc\ Ule aiu! Ituogo, 

All! ! I i '"/nj. .\n'' . I I : n />,//./ , men. T..7 ; ('!:>,!< /oO/ .. 1 U. . UT U. 

l'!,i i'h, /. ,/ rh . i>' ('/!'>//., I'.Hi), iS. lodU; lUDfg !<;, UJ»). S( '( • a 9,( ) 77e‘ O'L'///; o// 
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further operations. Iron p^uhtes itself is sometimes treated in this way, 
the residual ferrous sulpliide being applied to ])urposes such as the 
manufacture of sulphuric acid. 

The iron oxide used in the purification of coal gas gradually becomes 
rielier in sulphur and can repeatedly be revivified by exposure to air 
until the sulphur amounts to 
about 40 per cent, of the 
wliole ; the mixture is then of 
greater value as a source of 
sulphur. The spent oxide,” 
as it is commonly termed, is 
frequently applied to the pro- 
duction of sulphur dioxide or 
sulphuric acid, ]:)ut tfie extrac- 
tion of its sulphur by carbon 
disulphide lias been effected as 
a successful commercial pro- 
cess ; using the system of 
“ counter-currents ” the mass 
is exhausted of sulphur, wfiiist 
a saturated solution of sulphur 
is obtained, from vvdiich the 
solvent can be distilled and Sulphur 
returned to the extraction 
process. 

In many coal- and oil-gas 
works in the Western States of 
America the Koppers process 
for the removal of hydrogen 
sulphide from tfie gas is em- 
ployed. This consists of passing the gas up towers filled with wooden 
hurdles over wliicli a dilute sodium carbonate solution is sprayed. The 
following reaction occurs : 




Hot 

Water 


Sulphur 


Fig. L- 


■Lower End of Pipe Lh 
Process. 


id in Fraseh 


XaX 03 -j-H.S=XaI-IC 03 -rXaHS ; 

the sulphur is then recovered from the solution by agitation in intimate 
contact witli air in an emulsifying machine, a catalyst also being present : 

XallCO.d-XallS-PiO.-S-i-XaXO.-l-li^O. 

The catalyst used is colloidal nickel sulphide. The suljhiur is run off 
from the surface, and after filtering and wasliing is obtained as a paste 
containing 55 per cent, of water. After drying, a product is obtained 
which is more toxic than most other forms of sulphur and is vei'v elTective 
in agricultural work as a fungicide; the [larticles are almost of colloidal 
size, most being less than 15 ^3 

A further method of obtaining sulphur from sulphide ores consists 
in heating the latter under lugh vacuum ; the sulphur vaporises and is 
condensed in a suitable receiver. - 

Sulphur is also obtained from alkali waste (p. 56). 

^ CLmdali, Chtm. die.t, Eng., 1927, 34 , 143 ; 1928, 35 , 407. 
n c Ealant, 1560926 (1925); 51arx, American Fate nts, 15749SS-9 
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Refining.— The crude Sicilian suliAlur, partly on account of the lack 
of fuel is exported to be refined elsewhere. In the subsequent coin- 
inerciai purification the processes involved arc decantation and snlv 
liniation or distillation. After meltino- in cylindrica] vessels and ailowing 
tlic^ncchanical impurities to settle, the sulphur is run into liorizontal 
iron retorts which open into a large vaulted cliambcr. If distillation 
occurs slowly, the temperature of the receiving- chamber will not attain 
the melting-point of sulphur and the va] 30 ur issuing from the retorts 
will condense directly to a solid powder, which constitutes '\flozcers of 
sulphur or ''sublimed sulphur Rapid distillation wall cause the 
temnerature of the receiver to rise above the inelting-])oint of sulphur 
and' the vapour will then condense as a liciuid. which is periodically 
tapped off into wet wooden moulds of rectangular or cylindrical sluipc, 
the resulting product being known as roll sid'ph'ur/' IMoulds con- 
structed of aluminium or its" alloys have also been found suitable. ^ 

In plant designed especially for the produedion of '' flowers of 
siilpluir,” the condensing chambers may be of protected slieet iron and 
contain an arrangement of condensing surfaces, tlie entrained molten 
sulphur being separated by a baffle.- The modern ])roductio]i of finely 
ground sulphur has lessened the demand for sublimed sulj)iiur, altliough 
the latter is considered more suitable for vulcanisation and agricultural 
purposes. 

'' Chemically pure sulphur can be prepared from the foregoing 
products either by filtering whilst molten through glass wool and sub- 
sequently distilling under reduced pressure.^ or by repeated distillation 
in a current of pure carbon dioxide.^ For the rcmo\'al of organic, 
impurities it is sufficient to heat the sulphur for a i:)crio(i a little below 
its normal boiling-point. 

Applications of Sulphur. — Much sulphur is consumed i!i tlic 
manufacture of matches, being applied in the form of ])h()sphorus 
sulphide as a constituent of the heads of common friction nuvtcdnes. 
whilst on the Continent the wooden splints have frccpicntly bc-en trc^atecl 
with sulphur to facilitate the passage of the flame from, the licad to tlic 
remainder of the match. Large quantities of sulphur arc also rccjuircal 
for the production of gunpowder and fireworks ; ibr tliesc^ purposc-s 
finely divided sulphur is necessary, but 'Mlo-wcrs of sulplmr'-’ is not 
suitable on account of its liability to contain traces of si’dphnric acid, 
due to atmospheric oxidation, which would render its use dnngc‘r(e(is. 

Sulphur is applied, commonly in the ])owdered form or liowc-rs 
of sulphur,'' to medicinal purposes, and also agricuitnrally as a, dust 
01 dressing to check fungoid diseases ol certain plants, (-spc-cial! v tlic 
vine." The toxic properties of sul]ffiur luive not been fully clwculrPcd 
and arc variously ascribed to reduction to hydrogen sulplddc. oxidation 
to poixTliionic acids, or to the vapour of the cdcnuait itself, producc-d 
by slow vaporisation.^ If adsorbed pentathionic acid Ix' removed from 


W'llk 


J OcThum Faltni, 45179G (1026). 

- See, for example, AVhite, Ohem. Mtf. IFxj., 102S, 35 , 

^ Ihrelrall, Brearley and Allen, Froc. Floil Foe 1804 
Fafuif. ].mu926 (1925). ’’ ^ ’ 

\_OL:el and Partmgtoii, Trans. Chern. Foe., li)25 127 15 14 
« See \\-iilia,ns’and Young, loc. dt . ; Marsh, loc. A ■ Tucker, Ind. K,nj. Ch 
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sulphur by means of ammonia, the sulphur loses its toxicity but regains 
it if suspended in water and exposed to air.^ 

The element has a definite fertilising action - which is exerted in 
two ways: (1) It supplies sulphuric acid by bacterial oxidation, the 
presence of the acid increasing the availability of certain mineral con- 
stituents in the soil, such as alkalis, ferric oxide, alumina and phosphates. 
(2) It facilitates the work of the ammonia and nitrifying bacteria, thus 
placing larger supplies of nitrogen at the disposal of the plants. But 
although such action may be beneficial in some soils it is equally harmful 
in others, and sulphur should not be applied to a soil already acid.^ 

l\fa.ny important inorganic compounds of sulpliur, such as carbon 
disulphide, sulphur chloride, phosphorus sulpliide, vermilion and 
'' jMosaic gold,'’ are manufactured from their constituent elements, and 
considerable quantities of free sulphur are also used in the prepara- 
tion of certain organic dyes, the colouring matter Primuline probably 
being the best known '' sulphur dye,” Methylene Blue and Thioindigo 
being other exam])les of this class of d^'cstuffs. The vulcanisation 
of rubber ' also calls for the use of sulphur and sulphur compounds. 
For this purpose, one of the following methods is usually employed : 
(1) The rubber is mixed with powdered sulphur and heated to a temper- 
ature of 135° to 160° C. ; in the presence of a suitable accelerator a 
considerably lower temperature may be employed. (2) The rubber is 
dipped into a solution of sulphur chloride in a suitable inert solvent 
such as carbon disulphide, or is exposed to the vapour of such a solution ; 
this method is restricted to thin material or surface treatment. (3) 
The rubber, either dry or in solution, e.g. in benzene, is treated succes- 
sively with sulphur dioxide^ and hydrogen sulphide (sec p. 115). The 
product obtained b\' the first process may be soft or hard (ebonite) 
according to the proportion of sulphur going into combination. Various 
unsaturated oils, e.g. the so-called '' drying oils,” can be “ vulcanised ” 
by similar means so as to yield elastic solids possessing, liowever, very 
little tensile strength. By lieating with sulpliur in a somewhat similar 
manner tar can be rendered harder and therefore more useful for many 
purposes. Resinous condensation iproducts of high melting-point and 
considerable hardness may be obtained by heating homologues or 
substituted derivatives of phenol with sul})hur in the presence of a 
basic catalyst. 

Sulphur has recently been described ^ as a valuable agent for 

21, 44. For the physiological action of sulphur, see Foldes, Cfi.em. Zeii.ir., 1928, ii., 464 ; 
Pincussen, thld., p. 1347 ; Jlarston and Jtobertson, Couticil Sci. lies. Australia, 1928, 
Bull. 39, 5. 

^ Young and Williams, Science, 1928, 67, 19. 

- Xicolas, ConepL re.nd., 1921, 172, S.") ; l.ipman, Waksman, and JofTc, Sc/il Sci., 1921, 
12, 47d ; Macliilire, Gray and Shaw, ibid., 192!, ii, 249 ; J . Jnd. Enrj. Cheat., 1921, 13, 
310; Simon ami Scholienberucr, Sod Sri., 192.7, 20, 443; Guiltonncan, CompL rend., 

1920.182,001. 

^ See also l\lc!vibbin, Md. Anne. Exp. Sta. Bull., 1928, XT. 290, 9o ; -loncs. Seal Sci., 
1928, 26, 447 ; ILcmil and ileckiuidoi-fei', lUefl. Z( n(r., 1928, 77, 030. 

' See Twi.ss, J . Sor. Che,u. Cad., l‘)17, 36, 782. Also hi. P. Su'vcns, ibid., 1919, 38, 
192 T ; 1928, 47, 37 T ; with \\h hi. Stevcm.s, ibid. , 1929, 48, 05 T 

" Peachey and Shipsey, .J. Soc. Ckeni. Ea.d., 1921, 40, 5 T; Bedford and Sebrell, 
J. Jnd. E/i.g. Cheni., 1022, 14, 27. 

Ges. fur Chem. Ind. in Basel, Strips Pafenls, 1058.57-8 ( 1922) ; cf. Imrav, BrilisJi Patent 
186107 (1921). 

" Kobbe, Cfiern. and Alct. IJng., 1926, 33, 354. 
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impregnating ^voocL The absorption of molten sulphur by the wood 
preserves and strengthens it and gives it acid-resisting properties. ^ 

Amongst other applications may be mentioned the use of free 
sulphur in the manufacture of Ultramarine and the occasional con- 
version of the dement into thiosulphates (see p. 193), sulphurous acid 
or sulphur dioxide (p. 103) and sulphuric acid (p. 150). 


The Allotropy of Sulphur. 

Ever since the recognition of allotropy amongst the elements, sulplmr 
has occupied the position of being the most marked example. So 
complex is tlie behaviour of the element, however, tliat even at the 
present time a complete interpretation is not possible. 

Changes in the Vaporous State. — Even in the state oi“ vapour 
the problem presented by the behaviour of sulplmr is iar froju simjde. 
As soon as moderately accurate results for vapour density were available 
it became clear that with elevation of temperature from the boiling- 
point upwards the vapour molecules undergo reduction in wciglit, 
approaching the condition S 2 when near 1000'^ C., whilst in tlie neigh- 
bourhood of the boiling-point, under atmosph.cric pressure, the va])our 
density attains a value almost corresponding with tlie molecule S,,,i 
which is the molecular condition of ordinary clissolvTcl sul])]iur (see tlie 
following). IMore recent experiments have confirmed tliese results and 
have shown that even at the boiling-point the molecules ol‘ su]])hur 
vapour are accompanied by smaller molecules, tlie iirop'ortioiD of tlie 
latter gradually increasing as the temperature rises until wlien near 
900*^ C. only S 2 molecules are present . 2 Above 1700'’ C. the So .mole- 
cules begin to suffer incipient dissociation into single atoms and at 
2070" C. the vapour density corresponds to a molccmlar wc'ighf oi' only 
50, indicating that the vapour contains a considcrabkt pi'pcentage of 
monatomic molecules.'^ From the ]U'essure resulting diiriigg tiic ex- 
plosion of '' detonating gas ” ( 2 H 2 -I-O 0 ) mixed with }iy(lr{.)gcm sulpliidc 
it has been calculated that at 2450"' C., under atmospiun'ic' pressure, 
50 per cent, of the diatomic sulphur molecules uiuk'rgo furtlicr dis- 
sociation into single atonrs. * 

Vapour density experiments conducted under rcducc'd pressure and 
at temperatures below the normal b()iling-]:)oint of sulplinr lia,\’(' siiown 
that under such conditions sulphur vapour gradiudily a})proa,(di(‘s tiic 
octa-atomic condition as the temperature is lowered ; tins is indicjitcd 
by the following (igures : 


1888, 

Ber., 

1888, 

627; 

and 

411. 

3 

Zeil 


Ber., 


Leville and Lroost, Cornpt. rtiid., 1863, 5^, 8!-L ; lliltz, Zatsch. uhirslknl . Chcni 
, 2 , 920. 

Ramsay, Zeitscli. physihal. Cfwrri., 1889, 3, 67; Rviocian ihuL, 6, 2(iS, -IdO ; 

1890, 23, 724 ; Troosi, CompL rauxL, 1878, 86, 1294 ; Riltz, Zatsrh. physihal. dhetn^ 
,2,920; 1897,19,42.); lir-r., J 888, 21, 201.3 ; 190! , 34, 2490 ; J/o/uU// 1 90 1 , 22, 
Blitz and Meyer, Bor.. 1889, 22, 720 : Zellsch. jdnp-iBtl. Chfui.. iSS9, 4, 249 ; Mrver 
Meyer, Bcr., 1879, 12, 1115; Scott, Ari,i. Phys. fPihl., ISSS, iin.j, ‘12, 

Biltz and Moyer, loc.cit.; ZMtsch. Blekfrochn,! 190.3,9,626; von Waraenlier' 

xJi. anc/rej. Chem., 1907, 56, 320. 

Budde, Zeitscfh. anorg. Chem., 1912, 78, 169. 

1878, 86, 1396; Bleior and Kohn, 1900, 21, 67.3; 

1-300, 33, oO. See also Schall, Ber., 1890, 23, 1704 ; 1900, 33, 484. 
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Temperature, ° C. 


310 

262 

236 

212 

193 


Vapour Density 
(Air=]). 


8-26 
8 -34 
8-52 
8-67 
8-73 


Molecular Weight. 


237-9 

240-1 

245*2 

249-6 

251*1 


Apparent Xumher of 
Atoms per Molecule. 


7*44 

7*50 

7*66 

7*80 

7*85 


The gradual disintegration of the Sg molecule at higher temperatures 
can also be observed by the alteration of the vapour density when the 
pressure is reduced and the temperature allotved to remain constant.^ 
Indeed, thus metliod of examining tiie alteration in the molecular con- 
dition of sul])hur vapour has yielded important infoitmation. At one 
time it was believed that the Sg molecule disintegrated in successive 
stages to and S4 before reaching the diatomic coTidition, but it now 
appears probable that there is only one intermediate stage, namely S^, 
which form of sul])hur vapour appears to stand in close relationship with 
one of the forms of liquid sulphur, namely (see later). 

External evddenee is available in conhrmation of the remarkable 
molecular alteration in sulphur vapour. Nea.r the boiling-point sulphur 
vapour is orange-red, but tlie colour fades to a straw-yellow^ as the 
temperature is raised ; indeed, above 1000" C. the vapour is said to 
become colourless and on reaching 3 400'^ C. to assume a pale blue tint.- 
The absorption spectrum of sulphur vapour^ has been examined over 
the range 400'^ to 1200° C., and it is found that absorption increases as tlie 
temperature is raised to about 650° C. but above tins temperature it 
decreases as tlie vapour becomes more and more transparent. This 

agrees wdth tlie view’ that the dissociation Sg -> So is not direct, but that 

molecules of intermediate complexity and of greater absor]:)ti\'e powmr 
than So are formed and in turn dissociated. Xo further cliange is 
observable above 900° C. Tiic liuorescence ^ observable in the vapour 
under reduced pressures aJso shows variations indicativx oi‘ the alteration 
in molecular condition. 

Allotropy in the Liquid State. — Wlien the temperature of sulphur 
is gTadiialhm’aiscd from the melting-point, a notable change is observable 
near 160° C.. the colour of the liquid beginning to deepen, wliilst tlic 
fluidity commences to decrease. The occurrence of this change, or at 

^ Blitz and PrcMiner, Ber., lOOl, 34, 2490 , Preunor, ZelLscJi. phy.slkal. Chem., 1909, 44, 
783 ; lO-cMiiier and Seiiupp, ibid., 1909, 68, 129 ; Preuner and Brockmoiler, ibid., 1912, 81, 
129. See also Bodcnstein, Zeifsch. 'jjhy-^Lhal . Che.m., 1899, 29, 815 ; Milbauer, Anii. Chiin. 
IBiys., 1907, [viii.], 10, 125 ; Staiiord and von Wartenberg, Z(d-I.sch. ydiy-sikal . Chcjn., 191 1, 
77, G6. 

- Paterno and Mazzuechelli, AUi Ji. Acaid. JyuicfA, 3 907, [v.l, 16 , i., 465 : Kowe and 
Hamner, J . Aimer, (ikeni. Soc., 1898, 20 , 757. 

^ Salei, Coi/ipl. rend., 1871, 73, boO : Gerru^z, ibid., 1872, 74, 804 ; Oi'abani, /Voc. Boy. 
Soc., 1010, [A], 84, 811 ; .Dobbic and Pox, ibid., 1919, [A], 95, 48-1 ; Xorrish and Pvidcal, 
T rrnm. Cheni. Soc., 1924, 125, 2070. 

• DiesLclmcier, Zedlsch. v'l.m. Phedochem., 1915, 15, IS ; St(‘u]>ing, Bhy.-iiJicd. 

1918, 14, 887. 

° Pisali, Gazzdta, 1877, 7, 887 : Brunhes and Dnssy, Com.pt. rtnd., 1894, 118, 1045; 
Schaum, Annaltn, 1899, 308, 18 ; Sinitb and Ploimcs, Zeilsch. pkysihd. Cliern.., 1905, 52, 
602 ; J . Araer. Chew. Soc., 1905, 27, 797. 
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least its extent, is dependent on the previous history of the sulphur for 
Hivav' be delayed or be much less marked if the sulphur is of a high 
! ecuPc of purity : the reason for this is to be sought m the catalytic 
inihrence of certain impurities (see p. IS), ^^er ordinary conditions 
the viscosity attains a maximum between IvO^ and 220 C., the colour 
beiro- tlicn a verv deep brown. Further rise in temperature causes a 
narttil restoration of the fluidity, but the deep colour is retained. 
These strikiim and exceptional changes arc attributed to the presence 
of three diflcrent forms of sulphur in the liquid, _ and carelul ^investiga- 
tions of the phenomena have been made, especially by A. Smith and 

various collaborators.^ , , - ^. 4 .. ■ 

\ full interpretation of the results of the investigations is rendered 
diiiicult by the complications introduced by external influences such as 
those due to certain impurities which it is almost impossible to exclude. 
It is clearly recomhsable, however, tliat the abnormal behaviour is due 
mainly to the exrstencc of two distinct modifications of molten sulphur, 
side by side ; these are commonly distinguished as A-suljJhur and 
i.L-suIphur, and the equilibrium between them at any temperature may 
be expressed 

A-Suli^hur ^g-Sulphur. 


The position of the equilibrium varies with the temperature, the pro- 
portion of a-sulphur being less at lower temperatures ; near tlic melting- 
point the proportion of y-sulphur approximates to 4 per cent., and the 
maximum at higher temperatures generally docs not mucii exceed 
40 per cent. It was at one time believed that rapid cooling could effect 
the separation of molten sulphur into two distinct layers,- but careful 
examination has shown the lack of homogeneity to be due only to tem- 
perature differences caused by the viscosity and the poor thermal con- 
ductivity of the liquid ; the two modifications arc completely miscible 
in the liquid state. ^ 

By rapidly cooling the fluid mixture it is possible to minimise the 
readjustment of the equilibrium and to attain a solid condition in wliich 
the original proportions of the mixture are approximately retained ; in 
the solid state the allotropic change is so very slow as to allovv careJ'ul 
and fairly prolonged examination of the mixture. It is then found that 
the normal mobile liquid constituent (Sx) has given rise to crystaliine 
sulphur, soluble in carbon disulphide, whereas the dark-coloured viscous 
constituent (S^) has produced an amorphous solid, insoluble in this 
solvent -^ (see also p. 19). A rough analysis of molten sulphur in 


^ Brodie, Proc. Roy. Soc., 1856, 7, 24 ; Compt. rf-.nd., 1875, 80, 515 ; Magnus and \V(.d)c;r, 
Ann. Phj'<. Chew., 1856, [ii.], 99, 145 ; Devillc, CompL rend., 1848, 26, 117 ; Bcrlludoli 
J. prald. Chern., 1857, 71, 860 ; Kiister, ZciUch. anorg. Chern., 1808, 18, 860 ; Sediaum’ 



ihid.. 1011, 33, 476 ; Kellas, Trans. Chern. Soa., 1918, 113, 90:1. 

- Smith, Proc. Roy. 6'oc. Edin., 1005, 25, 588 ; Hoffmann and Hothe, Zc.iCch.. physikal. 
Chew., 1906, 55, 113 ; Erdmann, Avnalcn, 1908, 362, 133. 
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this way becomes possible. Recent experiments,'^ Piowever, suo;gest 
that the insoluble /^-sulphur is not present as such in liquid sul]:>hur, 
but makes its appearance, possibly as a gel, only vrhcn the liquid 
solidifies. 

If sulphur is heated to ISC'" C. and then cooled, it becomes more 
soluble in carbon disulphide ; also a saturated solution of sulphur 
chloride in toluene at the ordinary temperature will, after being heated 
to the neighbourhood of 180° C. and cooled again, dissolve yet more 
sulphur. These observations led to the discovery of a third modifica- 
tion in molten sulphur. This form of sulpliur, distinguished as Tr-sul'phur, 
is formed to some extent when ordinary sulphur is heated to 125° C. 
The optimum temperature for its formation is near 180° C., when the 
liquid contains approximately 6*5 per cent, of S- with 20-5 per cent, of 

and 73 per cent, of Sx. 7 r-Sulphur exists as a definite and distinct 
modification both in the liquid and the solid state.- It is especially 
notable on account of its deep orange-yellow^ colour, \vhieh is also seen 
in its solutions, a fairl}^ concentrated solution in carbon disul]:)hidc having 
the colour of a concentrated aqueous solution of potassium dichromate. 
TT-Sulphur is unstable at the ordinary temperature, its transformation 
being accelerated by ammonia solution and also by the iniluence of light ; 
the products of its transformation are octahedral sulphur and some 
insoluble sulphur. A suggestion that 77 -suIphur has a molecular weight 
corresponding to S 4 needs further cx|)erimental confirmation. 

The existence of yet another form of sulphur, designated cj) -sulphur , 
formed together wdth 77 -sulphur but of a somewhat paler colour, although 
deeper than octahedral or rnonoclinic sulphur, is also sus]:)ected (sec 

p. 26). 

The presence of the g- and 77 -raodifications of sulpliur dissolved in 
molten A-sulphur naturally causes a depression of the freezing-point of 
the latter, and from the magnitude of this effect it lias been possible 
to demonstrate the probability of a molecular weight corrcsjionding to 
Sg for the dark brown /x-allotrope, a result which is of es])ocial interest 
as correlating this form of liquid sulphur wfith the hexatomic sulphur 
believed to occur in sulphur vapour (see before).’'^ 

Kellas,^ how'ever, from measurements of the surface tension of 
liquid sulphur, maintains that between 115° and 160 ° C. at least 95 per 
cent, of mobile sulphur is represented by the formula Sg, and 
that above 160° C. polymerisation occurs, resulting in tlic formation 
of or (Sg )3 molecules, wdiich are stable nearly up to tlic boiling- 
point. 

On account of the variability of the proportions o(:‘ A-sulphur, 
g-sulphiir ami 77 -sulphur in the liquid, the solidifying-point of molten 
sulphur is not constant, but may range, from 1 1 4° to 117° C. or even more 
wdclcly. The freezing-point of pure A-sulphur can ])e determined b}" 
calculation, the result, 1 19'25° C., almost coinciding with tlic tcm])eraturc 

^ Hammick and Zve.gintzov, J. Chtm. Sor.., .1930, p. 273. 

“ Aten, Zeitsck. pJiy-sikaL. Cheyn., 1012, 81, 257 ; 1013, 83, 442 ; 86, I ; 1014, 88, 321 ; 
Proc. K.Akad. Weiensek. Amslerdani, 1912, 15, 572; 1018, 20, 824. See ako Gaubert, 
Compt. rend., 1916, 162, 554; Beckmann, Banl and Licsehe, Z(il.<ch. ano/g. 6'4c?/l, 1918, 
103, 189. 

3 Smith, Proc. Boy. Soc. Bdin., 1902, 24, 299 ; Smith and Car.stm, Zdlrdi. pkydkal. 
Cheni., 1911, 77, 661 ; Beckmann, Sitzvnysber. K. Alcad. ltkA,>'. Berfur, 1013, 886. See also 
Gernez, Compt. rend., 1876, 82, 1153; 1883, 97, 1298; .Dussy, ibid., 1896, 123, 305; 
Pnhem, Zeifsch. pliysikal. Ckem., 1897, 23, 224. " Kella.?, loo. cit. 

VOL. VII. : 11, 2 
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C obsel■^-ed in the crystallisation of pure A-sulphur and with the 

ideal' meitingiMint of pure monoclinic . n 

Certain substances, especially ammonia, exert a catalytic inaucnce 
on the 'two changes involved in the _ foregoing equilibrium, greatly 
facilitatin'^' the attainment oi the equilibrium ; on this account the 
presence of a little ammonia, or an organic base such as aniline or 
pvridine. causes soluble sulphur to be formed almost exclusix'cly on 
solidification. On the other hand, several other substances, e.g. sulphur 
dioxide ^ (or gases sucli as air or oxygen which can give rise to sulplmr 
dioxide), halogen hydracids, phosplioric acid and organic acids, 
behave as neaadve catalysts, and when molten sul])hur is cooled, cause 
the g-sulphur to persist in a quantity in excess ot the equilibrium 
proportion at lower temperatures, so that these substances raise tlie 
percentage of insoluble sulphur in the solidified mass. It is possible 
that the'^action of ammonia is merely due to its power of removing 
sulphur dioxide, traces of which are usually present in ordinary sulphur. 
Iodine not only exerts a catalytic effect of the same type as sulphur 
dioxide, but also causes an increase in the proportion oJ‘ ^-sulphur in 
the liquid.'^ 

For the foregoing reasons it is seldom possible to olitain rc])roduciblc 
viscosity values" for a given sample of sul])hur. If, liowcvxa', pure gas- 
free sulphur is prepared by distillation lirst in carbon dioxide and tiicn 
in high vacuum, reliable values may be obtained. For such sulphur, 
protected from exposure to air, it has been found that tint viscosity 
between 163^ and 1G9'' C., tlie interval ol' higli \-iscosity variation, lies 
on the same curve whatever the ])rcvious thermal treatmemt of the 
sample may liave been. 

Exposure to bright light, for cxanqilc to a concentra,t(‘d bca,m of the 
sun's rays or to the electric arc, produces an increase in tlu* proportion 
of the g-modilication in liquid sulifiur.*’ A similar effect is observable 
even in solution ; if a solution of sulplmr in carbon disulphide^ is similarly 
illuminated, insoluble suljfiur gradually separat(\s ; the rexa^rse (thange 
occurs in the dark." The conclusion can tlua'eforc' be drawn that in 
solution also there is an equilibrium betwcc'U the A- and /.t-forms at the 
ordinary temperature, but that cxe.ept under tlu^ indueiuu* of light tlie 
concentration o!' p-sulphur is ^lot sullicient to cause* sc‘j)arati()n of the 
corresponding solid. 

In spite of these allotropic changes, moltmj sulphur und(‘r certain 
conditions can be siieccssfully used as a c.ryoscopic. soh'ent. Soon altc'r 
having been melted, the free/ing-])oint of lhc‘ li(piid may be* as high as 
ll‘A C., but after keeping i'or some hours at a tempc'ratma* just abox’c 

^ Smith and Holmes, Uh-. cil. , Kiaiyt, Zc.ilsrh. ph//sibtL ('hfiu., Idiig 8i, TCd , 84, -IDS. 

“ Smith, Prcjc. lU'y. Soc. Kdin.., IDOG, 26, .‘h“)C ; Ih-cltmaiin and Hlaf/.nnmn, Zr/I.sfd/. 
an.org. Cliena., 11)18, 102, 201. Acuordiim to Moissaii {Ann. (Aiii/i. Zluj-s.. !1)()7, [xiinj, lo, 
4oo), sulphur, ivh.en IusihI alter (‘xposurc' to moist a,ir, tfeCjiK'nl ly c:ontain^ .sulphur dioxulc' 
and hydrogen .suipl'dde in .small (juantities. 

2 Tor a viscnsiimdrie examinatioii of 1 he inlluenet; of certain oiganic .-u hst .i nues [c.g. 
phenol, camphor) on the Iransfoimiat ion tcm{)ei'al ure, sec Wondain-yiom al and Scdiiaudcr, 
Coni.pf. rend., 1928, i86, 7.iL. 

^ Smith and Carson, Frcn:. Jlog. Zoc. Zdin., I9()(), 26, :).")2 ; ZnfnrL ha! . Cf/cni., 

1907, 61, 200. ■ ■ ' ■ 

^ Harr and Maclcod, Idroc. Aoc , 1928, [Aj, 118, o.'M, 

^ Wigand, /or. cd. ; also ZcfCr/n 67n;///., 1 9()9, 65, 442 ; 1911,77, 128 . 78,208. 

' Lallemand, Conipt. rend., 1870, 70, 182; Hcrtholoi, ihid., 1870, 70, 94 1 ; Suhaum, 
AnnnLe'ji, 1899, 308, 18 ; Ivankin, ./. Physical Chon., 1907, ii, I. 
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the melting-point, the freezing-point falls to 114*5" C., and in this con- 
dition the sulphur is suitable for cryoscopic determinations,^ the constant 
K being 213. 

AVhen molten sulphur is rapidly cooled from the neiglibourhood of 
400" C.. an amber-coloured semi-elastic mass of density about 1-9 is 
obtained. This so-called ''plastic sulphur'' is in reality an under- 
cooled liquid sulphur and gradually hardens or solidihes to a mixture 
of soluble and insoluble sulphur, - the change being hastened by kneading 
or by heating in boiling water. The rate of hardening is uatLirally 
dependent on the relative proportions of the two modifications and so 
will be influenced by the extent of the sudden fall in temperature : e,g. 
the higher the temperature of the sulphur as it is poured into cold water, 
the slower the solidification.^ If the cooling is still more rigorous, as 
by immersion in liquid air, a hard mass may be obtained,'^ which on 
warming assumes the elastic character, possibly in greater degree, and 
flnally solidifies in the usual manner. In its general character it will 
be seen that '' plastic sulphur resembles materials like glass or l^arley 
sugar which have been produced by cooling liquids much below their 
normal temperatures of crystallisation without any sliarp change in 
state. 

As is to be ex]3ccted the equilibrium between the two above-mentioned 
forms of liquid sulphur affects other properties in addition to the colour 
and the viscosity. Thus, the electrical conductivity ^ and the surface 
tension of molten sulphur exhibit abnormal variation with altca'ation 
in temperature ; also the solubility curves for A-sulphur and /x-sulphur 
in high-l^oiling solvents such as tri])hcnylmethaiie are quite distinct, 
the solubility of the former increasing and that of the latter decreasing 
with rise of temperature ; the respective coefficients of expansion are 
also quite independent.’ The reactivities of the two 1‘orms towards 
rubber are practically equal. *=* 

More or less drastic modifications ^ of the above view of the nature 
of molten sulphur have been suggested, but none appears to be supported 
by sufficient evidence to deserve acceptance. 

Allotropy in the Solid State. — When molten sulphur is allowed 
to solidify, the modifications present give rise to eon’esponding solid 
forms, the liquid A-sulphur producing crystalline sulphur (rhombic, 
monoclinic or nacreous, according to the conditions), whilst the deep 

^ Beckmann and Blatzmann, Zeitsch. anorg. Chern., 1918, 102, 201. 

- Smith, Proo. Roy. Soc. Edin., 1905, 25, 590. 

Kastle and Kelley, Awer. Cho.ni. J 1904, 32, 483. For stress-strain curves for plastic 
sulphur, see Strong, J . Physical Chon,., 192S, 32, 1225. 

von Weimarn, Zeiisch. Chon,, lad. KoUoidc, 1910, 6, 250 ; Brodie, Proc. R(,u. Roc. Is54. 

7, 24. 

"" Pigulew.ski, J. Russ. Rhys. Cliem. Roc., 1912, 44, Phys. Pari, 105 ; ^Vig•and, Per, doit. 
pJiysikal. Ges., 1908, 6, 495; Pisati, Gazzetta, 1877, 7, 357; Zickondraht, Ana. Ph/oR- 
1906, [iv.], 21, 141. 

Capelle, Bull. Soc. cluin., 1908, [iv.], 3, 764 ; Rudge, Proc. Ciunhridgc Phil. Sue., 
1911, 16, i., 55 ; Kellas, loc cil. See also Rotinjanz, Ztiiscli . physihal . Chon., 1 908, 62, 609. 

' Smith, Proc. Roy. Soc. Edin., 1905, 25, 588. 

® Twiss, J. Soc. Chon. Jnd., 1917, 36, 787 ; Arm.. Reports, Soc. Chon. J nd.. 1919, p. 327 ; 
Trans. Inst. Rubber Lad., 1928, 3, 386; Xwiss and Thomas, J. Sue, Chou. Ltd., 1921, 
4-0, 48 T. See also van Itcrson, Coniui. Xelhcrland Gort. Pnst. Riibbo' Jnd., 1916, 7, 257; 
Stoll, Rubber Age, U.S.A., 1925, 17, 418; Dannenberit, Kantschiik, 1927 pp 104 l'^8* 
Scholz, ibid., 1927, pp. 101, 127. ^ ^ 

^ See Erdmann, Annalcn, 1908, 362, 133; Quincke, Ann. Physik, 1908, pv.], 26, 025. 
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brown viscous /x-sulphur yields an amorphous pale yellow solid which 
is very sparindy soluble (pyenerally described as insoluble ") i]i carbon 
(lisuhihide and the other common solvents for sulphur. ^ This aniorpiious 
tbnn oi‘ sulphur, wliich is frequently terined v-.sadpW, has no definite 
ineltin<{-point and so may be regarded as imdcreoolcd p-sulphur. 
As thc'^crvstalline forms of sulphur are commonly obtained by sejmra- 
tion from a melt containing some p-sulphur, crystalline sulphur ordinarily 
contains an appreciable quantity of insoluble y-sulphur in a state of 
solid solution (see p. 21). 3Iention has already been made of the 
formation of y-sulpliur as an insoluble powder when a carbon disulpliidc 
solution of sulphur is exposed to light. 


Orydalline Forms of Sul pi mr. 

The power of sulphur to crystallise in different forms was first 
recognised in 1823 by Mitscherlieh,- who described the rhombic and 
prismatic varieties. The classification of tlie chief crystalline forms 
was completed by 3futhmaim,^ who distinguislicd them by Roman 
numerals. 

Sulphur 1. RhomhiCs Octahedral or a- Sulphur , — This is tlie form 
commonly occurring in nature.-^ On account of the presence of a small 
but variable (juantity of the p-modification of liquid sulpliur (p. 1 (> ) aiid 
also S;, in molten sulphur, the freezing-point of the latter is lachijig in 
constancy and is dc])endent on the previous liistory of the liq\hd : crystldii- 
sation of molten sulphur generally gives rise to sulphur JI. if. lunvcycr, 
sulphur (]:»referably reerystalliscd from carbon disulphdde* and so con- 
taining a reduced pro])ortioii of y- or p-^wlphuv) is medted in a flask 
fitted with a cork carrying a zigzag glass tube, the contcaits of tlu' iiask 
may he cooled rapidly to 95^^ C. and tlicii slowly to 90 U. before 
spontaneous ciy'stallisation begins. Ry iii\x*rting tlu; flask l.ad'orc 
solidification is complete, the oetahcclra] crystals (sulpluir 1.) which 
foDn at the bottom of the iiask may ])c examined, wliilst tin.' rc^mainder 
of the sulphur is retained in the neck of th.c flask by tlu* plug of solid 
sulphur formed in the bent outlet tube. Undereoolc'd licpiid sulplmr 
can also be made to separate in tJie octahedral form i)v tlu^ addition of 
a crystal of this type, but the result is rendered moix' ec'rtain ioy workiim- 
at a temperature below Cy ' 

Crystallisation of sulpliur at the ordinary tempei-at inx* from soiaiion, 
c.g. from carbon disulphide, yields oetalicdral crystals wiiicii dilTer froni 
the eiystals obtained by the solidification of mofuai sulplmr in ihat Uhe 
proportion of y- and 77 -sidphur, present in solid so-uiion, is less. 
Octahedral crystals of sulphur may be firepared nl tin; orifinarv t(‘m- 
perature also by the gradual atmosplicrie oxidation of a, sohiiion Of 


' Dcville, 1848, 26 , IJ7; Jg-odic. ,Snr.^ is.VI, 7 , i> } ,• K 

fpral-t. CU:/?a. 1848, [lid. 43 , 30.“) ; Chapman .loncs, Chrm. Xnrs, issn, 41 / 3 -I { • K 
zez/.wa r/gurr/. 67;c//s, 1808, 18 , 3(3.) ; (>ninlK:s and Diissv. ^^ !)////>/ irnU ls<M i f 
Dmsv ibid., IS36 T 23 , m : .Mahis. iilOO, 130 , I7()S ; A„„. i‘s,V| 

fnSr!’ 65 , .M3 ; l<)IO, 75 , 3:!.:- : Sniilli, 

boc.Ldin., 190.), 25 , o90. etc. (see pp. 20-28). 

- y itsclierlich. Airii.. Chini. 1823, 24 . 204. 

^ ^luthmann, Zalsch. KryA. Sim., 1800, 17 , . 33 ( 5 . 

Ranfaldi, Mon. AcevM. hneo, 1927, [vi.]. 2 , 200, ' 

Gernez, Comp, rend., 1870, 83 , LI 7 . ' 


napr,, 

list 

im.“) : 
. [vi.i, 
Id)y. 


2S2 ; 
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hydrogen sulphide in pyridine ^ or by tlic inucli slower process of 
sublimation.- 

The foregoing crystals belong to the rhombic system,^ the elenicnts 
a : b : c=--0-8138 : 1 : 1*9076 being subject to slight variation. This 
slight inconstancy is doubtless due in part to tlie presence of a small 
^mriable percentage of y- and 77-sulphur (p. IT) in the crystals, this 
impurity also accounting for the various figures winch have been given 
at different times for the density, the correct value at the ordinary 
temperature ibr pure octahedral sulphur probably lying between 
2*03 and 2*06.'^ 

The melting-point of octahedral sulphur is influenced in a similar 
manner, and indeed the effect of these almost permanent impurities 
in the crystalline forms of sulphur has added to the dilTlculties of 
investigation. In the following table are given the ideal temperatures 
for the change of state of the various forms, together with the tempera- 
tures as commonly observed with the forms as usually obtained : ^ the 
ideal temperatures can be approached only with specimens prepared with 
extreme care. 



Ideal Temperature, " C. 

Natural Tem- 
perature, ° C. 

Percentage of 
‘‘ Impurity present 
in latter case. 

S. I. 

: Freezing-point 112*8 

110*2 

3*4 

S. II. 

119*2 

114*5 

3*6 

S. III. 

i „ 100*8 

! 103*8 

3*1 

S. I.-..=i:S. II. 

Transformation 95*3 

95*5 

3*1 


Octahedral sulphur is a brittle solid of hardness approximately 2*3 ; 
the colour is lemon-yellow at the ordinary temperature but darkens 
somewhat oii warniing, wlulst at —50" C. it almost disa))])ears, leaving 
the solid practically colourless ; the refractive index for sodium light 
is 2*08,^ the mean specific heat is 0*176,^ and the coellicient of cubic 


^ Ahrens, Ber., ]SOO, 23, 2708. 

- Arzruni, Zeilsch. Krijsi. Min., 1884, 8, :i8S. 

^ Tsehennak, B L/ici'cilogit, 189/, 331 ; Ivokscharow, M/in. Bn-ss., 1874, 6, 308 ; Arzruni, 
luc. cit. ; Molcngraaf, Z(dUch. Kryst. Mlh., 1888, 14, 43 ; Biisz, ibid., 1889, 15, GIG ; Dana, 
Amo.r. J . Scl., iS86, [iii.], 32, 389. 

HarcAand and Selicerer, prali. Chan., 1841, 24, 129 ; Dovillc, Com pi. re.mL, 18-47, 
25, Sd7 ; Kopp, Ammlai, 1855, 93, 129; Pisati, Ba\, J87-1, 7, 361 ; Petersen, Zeif,^ch. 
'pliysilnd, Cht/fL, 1891, 8, 609; Arons, Ann. Fhy,^. Chan., ISO-^l, [lii.], 53, 1 ()G ; Jleelit, 
ibid., 1904, [iv.], 14, 1008. 

^ Smith and Holmes, ZciCch. phyAihd. Choni., 1903, 42, 469 ; 1906, 54, 267 ; Smitli 
and Carson, Broc. Boy. Bor.. Edin., 1906, 26, 3d2 ; ZciFrh. phy.slhd. Chan... 1911, 77, 661 ; 
Kruyt, ibid.., 1908, 64, 613; 1909, 65, 486; 1909, 67, 32! , 1913, 81, 72G ; 1913, 84, 498^; 
Broc. K. A had. [Velcrach. Amsterdam, 1913, 15, 1228: Xernsl, Zatsch. phymhal. Chan., 
1913, 83, 546 ; Wigand, ibid., 1909, 65, 442 ; 1910, 75, 23.5. 

Schoiibcin, J. praht. Chan., 1852, 55, 161. 

' Arons, loc. at. ; Sehrauf, Zeiisch. Kryst. Min., 1890, 18, 113 ; Becqnorel, Ann. Chim. 
Phys., 1877, [v.], 12, 5. 

^ Hondain-Monval, Cojnpt. raid., 1926, 182, 58 ; cf. Bunsen, An 7 i. Fhys. Cham., 1870, 
[ii.], 141, 1 ; Wiebe, Ber., 1879, 12, 790 ; Silvestn, Oazztila, 1873, 3, 578 ; Hecht, Ann. 
Physit, 1904, [iv.], 14, 1008; Kurbatofl, J. Russ. Phys. Chan. Soc., 1909, 41, 311 ; ’porch 
and Xordmeyer, Ann. PJiysih, 1906, iv., 20, 423. 
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expansion approximately 0-00()22 at 20"" CU The ])lastieity and deCorm- 
ability are not a])])reeiably increased by lieating ax teni])cratures up to 
280"' C. under pressures of 1000 to 19,000 ko-m. pev s(j. eni. ; under 
19,800 koni. per sq. cm., octahedral suljdnir melts at 203^ C.- 

AVhen a sphere cut irom a crystal of rhombic su]])hur is allowed to 
vaporise at 100" C., plane suiTaces develop which correspond to the most 
importaiit crystal laces. 

Carbon disulphide is an excellent solvent tor rhombic sulpliur, the 
proportions soluble in 100 parts by weiglit ol the solvent at different 
temperatures being given in the iollowing table : the liigliest temjmra- 
turc is the boiling-point of the saturated solution under ordinary 
atmospheric joressurc.^^ 


Temperature, " C. 

.Sulphur Dissolved 
(Laris by Weigdit). 

-11 

16*5 

0 

24-0 

15 

87-1 

22 

46-0 


Teinpcrature, C. 

Sulphur Dissolved 
(1 dirts by VVeigdit). 

88 

94 -C 

48-5 

1 40-2 

55 

18U8 1 


Methylene iodide, aniline, and benzyl ehlorid(‘,''^ (ts{)(‘cially when 
warm, are good solvents for sul])hur ; j)henol is also fairly good. Other 
less powerful solvents are benz(*ne,‘‘ tohuaie, i urpcait iius chloroform, 
ether, alcohol and acetic acid. 

Octahedral sul})hur will form mixed (*rysta,ls with scRaumn c.ontaining 
up to 85 ]Der cent. oi‘ tlie latter, although no c.orr(‘spon(ling (‘.rystallinc 
form of pure selenium has been isolatc^d.” 

Sulphur II. Prismutic, Moii.oclhiic. or l^-Sul j)h.ur. This is a, va.i'iei:v 
of monosymmetrie crystalline sulphur obtaiiu'd ordinarily wluai sulj)hur 
crystallises at a temperature* nc^ar tlu^ nuR.ing-point from {.lu* moll, cm 
condition. The usual proccaiure in order l.o obla.in disiiiic.t crystals 
is to allow molten sulphur to cool undisturbed until a,i)proximately 
one-haif has eiystallised, and then, afte-r brc'a.king the* crust, to pour 
away the remaining li(|uid.^ (ayyslallisation by tin* rapid cooling of hot 
solutions (see the following) sometiim^s aJso yi(‘l(ls this modiliealion, 
although more frecpiently the varic'l.y obtahu'd is S. HI.'' 

The crystals consist oi’ long slender n(*e‘dl(‘s bc*longing to [he mono- 

^ Spring, Jiull. Acad. ray. lUlij., ISSi, |iii.!, 2, SS ; W'irht', /or. o/. 

- Lose and iMiiggn, Ar/r//. /v. ta-N. Wl.ss. (Ujlllf/yrn^ 1!)22, 10, 10.“). t\)r the coniprc.s- 
sibility of rhonibio sulplmr, .see Bridgman, /Vor. .-l/atr. Arrul. .U/.v Art., i 027, 62, 2o7. 

Aminoff, ZtiUch. KriU., 1927, 65, (>82 : Chmi. Znih., i92S, 1 ., 8. 

'' Cossa, Btr.. ISiiS, l, l.>8 ; Laynn, (-oi/ijil. tund., IS. >2, 34, !•“)(), .SOS. Lor iIk' sp(‘(‘,ifi(‘, 
gravity of the solulioms VkUivv, Z( U.-adi. a lany. Chmi., JS!J7, 15 , 1!)1. l-'o;- ih.- rcfioci ! \-(‘ 
index of the solutions, sec Berghoif, Zeiisrh. phusikal. (Jhnn., IS'.U, ic, LU ; Lorcli -luit 
PhydJc, 1902, [iv.g 8, 675. 

von Boguski, J. Pus^. Phys. Chan. Aoc., 1905, 37 , 92. 

^ Kruyt, ^Zdlsch. physihal. Chaw., 1909, 65, 4S6. 

" hluthraann, Zeitsch. Kryst. Min., 1890, 17, o3(). 

® Mitscherlich, An-nalen, 1821), 24, 264; Brauns, Varh. (Jas. dc.nl. N alnrjorrcli. Aa.rzta, 
1899, [ii.], 189 ; Silvestri, Bar., 1876, 9 , 293 ; Oglialoru, Gazzatla, 1SS4, 14, 30. 

^ Huthmaiin, loc. cit. 
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clinic system, the parameters being a: b : c— 0-90575 : 1 : 0-99983; 
^ = 81-23".^ When prepared from molten sulphur this variety fre- 
quently possesses a pale amber colour, which is probably due in part to 
TT-sulphur present as impurity, since crystals obtained from solution 
arc of a much paler colour. The density,- 1-957 at 25'' C., is lower than 
that of the octahedral form, whilst the specific heat is higher. As is 
the case for sulphur I., the presence of variable proportions of tt- and 
y-sul])hur in the crystals alfects the constancy of the melting-point, 
so that whereas as usually prepared the melting-point is 114-5° C., 
the melting-point of pure monoclinic sulphur should be 119-2° C. 
(seep. 21). 

At the ordinary temperature the clear transparent crystals become 
opaque and friable, the change occupying from several hours to several 
days, and the alteration being due to a transformation into sulphur I. ; 
if the needle crystals arc not crushed they will retain their external 
form, although they are built up of minute octahedral crystals of the 
denser modillcation.^ Conversely, if octahedral sulphur crystals are 
maintained at a temperature within a few degrees of the melting-point, 
they gradually undergo conversion into sulphur II. 

The transition point, at which ordinary sulphur I. and sulphur 11. 
are in equilibrium, is at 95-5° C.,"^ although if no trace of tt- or y-sulphur 
were present the temperature would be slightly lower (see p. 21). 
The afore-mentioned changes can occur a few degrees above or below 
the stated temperature and are considerably facilitated by contact with a 
little of the stable form ; below 95-5° C. sulj^hur I. is the stable modi- 
hcation and sulphur II. is unstable, whilst above 95-5° C. and up to the 
point of fusion, the position is reversed. It is possible for each of the 
forms to exist for a considerable period within its unstable range of 
temperature, and it is obvious that but for this fact it would be 
impossible to determine the melting-point of octahedral sulphur.'^ 
Specimens of sulphur II. may be kept unchanged for years between a 
microscopic slide and a cover glass. ^ The actual velocity of the trans- 
formation is dependent on several factors," such as the temperature, the 
previous history of the sulphur, or in other words its content of y- and 
77 -sulphur, subjection to mechanical stress, and contact with the stable 
form or with a solvent ; actinic light is said also to have an acceleratory 
iniiuence on the transformation.® 

Alteration of pressure affects the transformation in a more marked 
manner by actually inlluencing the transition temperature itself. 
Increase in pressure causes a rise in the transition teznperature to an 
extent of approximately 0-05° C. per atmosphere. However, increase 
in pressure also raises the melting-point of each form, and tlie relation 

’ Muthmann, loc. cit. 

- Marcliand and Schcerer, J . praht. Chem., 1841, 24, 133 ; Hevide, Cornpi. re.iid.. I.S47, 
25, S57 ; Rathke, J . prakt. Che)/i., 1869, 108, 235 ; Petersen, ZeiUch. physikal. Che^n., 1891, 
8, 609 ; Xoepler, Ann,. Fhys. Cktnn., 1892, [in.], 47, 173. 

^ Threlfali, Brcarley and Allen, Proc. Roy. Roc., 1894, 56, 35. 

Reicher, Ztitsch. Kryst. Mm., 1884, 8, 593 ; Rec. 'J'rav. chitn., 1884, 2, 246 ; Taua- 
mann, Ann,. Phys. Clitm., 1899, [in.], 68, 633. 

^ Gernez, Conipt. rend., 1884, 98, 810, 915 ; 1885, 100, 1343 ; 1909, 148, 1015. 

“ Brauns, Centr. Min., 1921, 225. See also Cohen, Zeitsoh. pkyPikal. Chern., 1924, 109, 
109. 

' I)uhem, Zeitsch. physikal. Chern., 1897, 23, 254 ; Fraenkcl and Goez, Zeiisch. anorg, 
Chem., 1925, 144, 45. 

^ Braine, Ulnstitut, Paris, 1853, 305. 
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between the variations ol' the three temperatures with ju-cssure is such 
that under 1288 atmospheres the transition temperature and tlie 
meltino-points of the two forms coincide at 151'' Cd 

These relationships are represented in an exaggerated manner in 
fi(T 0 The lines AO. BC and OD represent the vapour pressures of 
sulphur I., sulphur II. and molten sulphur, respectively ; OE and CF 
show the effect of ),)ressurc change on th.c melting-points of tire two 
crystalline forms, whilst the effect of pressure on the transition tempera- 
ture is indicated by BF. , , , 

Determination of the molecular weight by cryoscopic and cbulhoscopic 
measurements in various solvents, including carbon disulphide, various 



.riG. 2.— Relationship between Ralph ur L and Suiphi-tr 11, 


hydrocarbons, and metallic chlorides such as anliiuonio or sLannie 
chloride, indicates tlie value correspondino- to botli (‘or octalKalral 
and prismatic sulphur.- This is not surprisino-. bccciusc in the inoitcii 
condition these two modilications oC sulphur are idvnticab and tlicir 
difference in crystalline form and other physical propeudatts uiav be attri- 
buted to A'ariatiou in the manner in which thc^ oeta-atoniic niohaades 
are grouped together in the crystal. 

As is to be expected witli modifications showing iJu' mutual relation- 
ship described, the less stable lorm is more solubic^ in ordinarv sobxaits ; 
above 95*5° C., therefore, the octaliedral form is the more solubles wliilst 
belov this temperature prismatic sulphur possesses the greates' solu- 
bility. At the ordinary temperature the solubility ratio tor most solvents 
is approximately 1 -d : t. 

Sulphur 111. Isacreous Suljjhiir. — At least two other Auiricties oi‘ 
monochnic sulphur are known to exist ; tlic^ better known was dis- 
covered b\ D. Gernez in 1884, who, from the pearly lustre of the crystals, 

^ Tanimann, /oc. cU. ; Roozebooni, Iicc. Trav. chim., J887 6 .‘Ud 

Chem., ]S00, 2 , 42] ; PopoiT, J. Russ. Rhys. Chtm.. Soc., 1908, 35-. 

642. See also p. 39. 
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irave it the name nacreous sul})Iiur.“ This monosymmetric form 
of sulphur can be obtained by many dilTercut methods. Sulphur which 
has been heated in a glass tube to 150" C. and subsequentpy cooled slowly 
in a waber-bath to 08'' C. without crystallisafioin can, ])y applying local 
cooling or by ridDbing the interior of the tnloe with a glass rod already 
in the liquid, be made to give crystals of this modification.- Hot con- 
centrated solutions of sulphur in carbon disulphide, benzene, toluene, 
turpentine and other solvents, prepared by heating sulphur with the 
solvent, preferably in a sealed tube, until no solid remains undissolved, 
generally deposit nacreous crystals on being rapidly cooled.*^ Similar 
crystals can also be obtained by the precipitation of suljdinr from carbon 
disulphide solution by the addition of ether, ^ and also by subliming 
sulphur, e.g. from one watch glass into anotlier acting as cover. ^ Pure 
gas-free sulphur prepared by distillation first in a stream of carbon 
dioxide and then in high vacuum yields only nacreous sulphur on 
solidifying.^ 

Under suitable conditions, certain cliemical reactions will give rise 
to nacreous sulphur ; the most satisfactory result is obtained by allowing 
slow inter-diffusion of solutions of sodium thiosulphate and potassium 
hydrogen sulphate to occur. Another method involves the gradual 
decomposition of sulphur chloride or bromide by the vapour of water or 
methyl alcohol at the ordinary temperature.® The decomposition of 
calcium polysulphides by hydrochloric acid,'^ and of hydrogen per- 
sulphide by the addition of alcohol, ether, ethyl acetate or other organic 
solvents, also yields sulphur of the desired modification. 

Xacreous sulphur forms clear, pale yellow (almost colourless), doubly 
refractive leaflets of the monoclinic class, <2 : h : c — l-OGOO l- : 1 : O-TOO f/; 
^ = 88*2h The degree of pearly lustre is largely dependent on the method 
of preparation. This form of suljdiur is unstable and tends to change 
more or less rapidl\z witliout alteration in external form, into sulpliur L. 
i.e. octahedral sulphur. The natural jncltiiig-|)oint is K)3‘8" to 
103*9"’ C.,^- but, on account of its tendency at this tern])eraturc to undergo 
conversion into snl]mur 11. (ordinary monocli.uic sul'phur), Jiacrcous 
sulphur, when heated slowly, may give a meiting-poiiit ap])roaching 
that of sulphur IL In any case the crystals contain small percentages 
of y- and 77 -sulphur : the ideal melting-point for ])ure nacreous sulphur 
would ap})roximate to 100*8" C. (sec p. 21).^-^ 

1 Gernez^ rtfuL, 1883, 97 , 1477, 1884, 98 , 141; 188;“), lOO, 1584; B(,\, 1884, 

17 , 41 ; 1885, 18 , 4!)2. See also liaqiieniie, hlnll. Sor. chi,,/.., 1884, 41 , 238 ; CovipL 
1885, 100 , 14!)‘). Gei-rioz, If^c.cU. 

^ Payen, Com^A. rend., 1852, 34, 45(>, 508; Bnihns and 5Inihmano, Zcdsck. Kri/.A. 
Mi/i., 1890, 17 , 398; Devillc, Conipt. tend., 1852, 34, 534, 591 ; Uebray, ibid., 1808/46, 
576; Geriicz, loc. ril.: also Zeit.^rk. Mi„., 1886, ii, iS9 : Povhr, Conipl. ri'iid’, 

1859, 48, 845; Lehmann, Zcit-^ch. Krij.A. Mm., 1877, i, 128; d'Avaiiojn Compi. rand’, 
1864, 58, 54 ; Bloxarn, Chnn. Mcir.p 1889, 53, 181. 

Sabatier, Coinpt. rand , 1885. 100 , 1349. 

^ Engelmann, Zed,sc/t. Knj.A. Mu>.. 1899, 30, 905 ; Salomon, ibuL. 1899, 30, 905. 

Farr and Marteod, /Vor. Boy. For., 1928, [AJ, 118, 534. 

" Gernez, loc. cit. 

Cloez, Conipt. rend., 1858, 46, 485 ; Briilms and 51utlnnann, lor. at. 

9 Spica, Zadsch. Kry.d Min., 1889, li, 409. See absn W'etliercli, Amar. J. Aci., 1865, 
{in], 40, 330 ; Barilari, Oazzetta, 1878, 8, 178 ; Bertlielot, An,i. Chun. Bhy.u, 1857, pii.], 50’ 

^ Salomon, ioc. cit. 

See Kohlschiitter, KcAJ. Chan. Baihejte., 1927, 24, 319. 

Fcirr cand Macleod, Ioc. cit. 

Kruyt, Zeitsch. physikal. Chem., 1913, 81 , 726. 
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Vlthouoh no crystalline variety of selcniinn is knowis corresponding 
to nacreous sulphur, this modification of sulplnir can Jbrni nuxed crystals 
coiitainino- between 35 and 6(5 per cent, of selenium. ^ 

Cw/oJiT/r IV Tabular Sulphur . — This is anotjK'r \ ariccy ol niono- 


Sidplnir ~ ^ • I- • , I ' 

clinic or monosyninietric sulphur winch is c.xcetnlingiy unstable aiui 
hppn little investimted.^ When the elcar [i( 


31* 


111 consequence, oecn little invcseiqe ^ 
obtained bv saturating an alcoliol solution 
aliDliide with sulphur is diluted with lour tunes its hi 
lien allowed to stand at the ordinary temperature, 


lias, 
iopiid 

immonium or sociiuiu 

suipnicie wiLJi ..o i)uiiv (). alcohol and 

then allowed to stand at tiie ordinary temperature, naeivous suljihur 
(sulphur III.) separates. At temperatures lielow I t' howexTir, e.g. 
at C.. the deposit consists of a mixture of uaercous siirpluir witli tlie 
fourth crystalline form, or may even consi.st entirely ol' tlu^ huter. 

Othe/ Crystalline Forms.— In addition to tlic i“orei>-oino- erystallinc 
modiheations of sulphur, at least two others liavc been oiisoiu'cd. When 
usinii boiling sulphur as the heating agent iii the outer jacked of a, Victor 
Mever vapour density apparatus, FriedcL- in 1879, notiecul th.e I'orma- 
tion of verv unstable /ncZ7/dc crystals inside the upper part. ol“ the jaeket ; 
these crvstals rapidly underwent change into (.irdinary octadicdral 
sulphur." Various crystalline stuctures nmy be observed when sulpiiur 
condenses in droplets on a glass plate and solidilies.'^ Sueli crystals 
are also unstable. 

Bv extracting with cliloroform the aepueous solution obtained by 
mixing concentrated solutions of sodium thiosnijuliatc^ and liydrochlorie 
acid at 10" C., a solution is obtained, whieli, after evaporading olT the sol- 
vent chloroform, leaves rhombohedral orange-yellow eryslads of sulphur. 
This form of sulphur is commonly known as Ei^gcFs rhanihohedral 
sulphur, orS,> The crystals are usually prisms ol' spcndlie gra\ ity 2*loo. 
Although it corrc.sponds with the rhombolicdral I'orms of selfaiiiim and 
tellurium, 5 rhombohedral sulphur is very unstable' a, ml. in ila* course* ol' 
a few' hours, changes into a mixture ol oetaheelra! arid msolnble* sulphur.** 

By crystallising sulphur from chleyroform solution eontaining rublx'r 
as a thickening agent and a few^ drops oi' h-cnzonitrile*. mco (^iia'r I'orm.s, 
also claimed to be distinct allotroj)es, ha\'e* b(*e‘n obt aim'd,’' d(‘:sigmu('d 
respectively F and 7]-sulp]mr. Both i’e)nus are* i)raeliea!iy eoloiirh'ss 
and the crystals are doubly refracting: i.lie f'ormer erwsi.a.llise's in 
rhombic plates and the latter in hexagonal j)!ate‘,s. 


Amorpho us Sid ph ur. 

'''Insoluble Amorphous Sulphur ” is })rodue'.cd, usnalix' loge'thm- witii 
some sulphur soluble in carbon disulpliielc, by many re'acia^n.s in wim*!) 
sulphur is set free. The slow dcconipo.sition e)i' s ; i ! ph u r e;i d ( ) r i ( i ( * < > -r b r; > i ,* i i d ( ■ 
by water, w'hich may require several days tor (‘()mj)i(‘[.i()ii. gi\ms a \ arv 
stable form of insoluble suljdiur.'^ Tin: action of miiiaral amd.s oii 

^ Muthmami, Zeilsch. Kryd. Mlti., 1890, 17 , :>:](), :r.iS. 

“ Friedel, Bull. Soc. eJum., 1879, 32 , 1 Id. 

Whitaker, J. Physical Cheui., 1925, 29 , . 399 . 

^ * Engel, Co-uiyjt. rend., 1891, I12, 8G6 ; Bcr., 1891, 24, 551 , .Vtcn, Znisch. jdni.stP,!. 
Chc'tiL., 1911, 88, 321. ^ hricdel, CoinpL ninl., 189], 1 L'z 8.‘M SdO 

*^ See also Gaubert, ibid., 1916, 162, 559 ; Biehowskv, J. W'nshinaluu W///' eW iOlO 
9 , 126. “ 

" Jvorinth, Zeilsch. anorg. Chem., 192S, 174, 57 . 
o S^uhelot, CoiiipL reruL, 1857, 44, 318, 378: Cloez, ibid., 1858, 46 -185 • 1858 47 

blQ ; Zeilsch. gdpsikal. Chem., imi, S, mo. ’ 
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solutions of thiosulphates and polythionates.^ the oxidation of liydrogen 
sulphide by sulphurous acid - or concentrated sulphuric acid,^ the 
oxidation oF hydrogen sulphide or metallic sulphides by nitric acid or 
halogensb and the incomplete combustion of sulphur compounds ^ such 
as hydrogen sulpliide or carbon disulphide, all yield some of this 
sparingly soluble sul]3hur. It is interesting to note that all these 
reactions occur in the presence of free acid which, as lias been already 
mentioned, is favourable to the existence of p-sulphiir (p. 18). 

In all probability the primary product when sulphur is precipitated 
by chemical action consists entirely of the insoluble y-sulphur, but, as 
soon as formed, this begins to change rapidly into the more stable 
soluble crystalline form in a fine state of division. The presence of 
halogens retards this change, so that a concentrated solution of bromine 
or iodine, acting on a solution of a sulphide or polysulphide, will give a 
product containing a higher proportion of insoluble sulphur than will 
a more dilute solution. Hydrogen ions also exert a retarding effect, so 
that whicrcas the interaction of acetic acid or dilute hydrochloric acid 
with a solution oi‘ a thiosulphate or polysulphide yields a product 
entirely soluble in carbon disulphide, the precipitate obtained with 
concentrated hydrochloric acid contains a considerable proportion of 
insoluble y-sulphur.® 

“ Flowers of sulphur ” (see p. 12), when freshly prepared, commonly 
contains about 30 per cent, of insoluble sulphur, but this percentage 
may vary considerably." However, if sulphur vapour is condensed on 
the surface of cold water or especially on the surface of a cold aqueous 
solution of a mineral acid such as sulphuric acid, the proportion of the 
insoluble amorphous modification in tlie deposit may be so high as to 
render it the main constituent,® 

Tlie insoluble sulphur obtained by these various methods is some- 
wliat inconstant in pliysical properties, but all the varieties are 
included under the designation y-sulpliur. They are generally loose 
amorphous powders of pale yellow colour, the density ranging from 
1-85 to 2-05.'' They all have a tendency to change spontaneously 
into soluble crystalline sulphur, the change at 110" C. being accom- 
])anied by a sligiit evolution of heat.^^ Contact with a cold aqueous 
solution of hydrogen sulphide or of an alkali sulphide has a marked 
accelerating effect on the change, as also has compression, or heat- 

■' Boi’tiieloi, loc. cit. : Lordos and Gclis, Ann. Chi/n. Phys., ISdl, [lin], 32, 385. 

“ Sobi-ero and Siclmi, A n-n. Cliim. Phys., 1850, [iii-J, 28, 210 ; de Luca and Ubaldini, 
Coni'jjt. 1807, 64, 1200. 

^ Berihelot, Ujc. at. 

J. Phann. Chim., 1852, [hi.], 2i 418; Selmi and Mi.ssaghi, Cirntnlo, 1855, 2, 
381 ; W. .i\. n., Cfittn. Xnws, 1876, 34, 08. 

Bai'llielot, loc. cit. : se.e aLo Sabatier, Bc.r., 1885, 18, 493. 

® Smith and Brownlee, Zeiisch. phy-sikal. Che/n.., 1907, 61, 209 ; Brownlee, J. A]/ier. 
Chon. Soc., 1907, 29, 1032. 

■ Be\-ilie, loc. cil. ; Domergue, Ann. Chim. anal., 1904, 9, 445 ; Taiircl and Griliet, 
Compt. rcmL, 1911, 152, 1182; Xo\'er, Caoulchouc at (Zuita-pcrcha, 1918, 15, 9661. 

Solmi, /oc, at.; Muller, Ann. Phys. Chem., 1800, [ii.], 127, 404 ; Cross and Higgin, 
Btr., 1883, 6, 1195. 

Troost and Hautcfeiiille, Compt. rend., 1869, 69, 48 ; Petersen, Zcitsch. pliysihal. 
Che/ii., 1891, 8, 609. 

IVaersen, loc. cil. ; Berthclot, Compt. rend., 1870, 70, 941 ; Favre, J. Pharni. Chim., 
1853, liii.], 24, 344 : Favre and Silbermann, Ann. Chim. Phy,-i., 1852, [lii.], 34, 447. 

” Threlfall, Brearlev and Allen, Proc. Roy. Soc., 1894, 56, 37 ; Judd, Trans. Cheni. Soc., 
1890, 57, 404. 
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1 either alone or with alcohol or an aninial or vegetable oil ; if the 
v-snlnhur is lieated until it becomes lluieh the ptienomena observed will 
be those alreadv described idr liquid sulplmr. The products from, 
nlistic sulpha/” and from sodium thiosulphate are amongst the least 
staWc forms of v-sulphur whilst tliose from tlie su]])]iur lialides arc 
relativelv very stable. Bv treatment with an aepueous solution of a 
mineral acid such as sulphuric or sulphurous acid, tlic stability of the 

])roducts mav be increased. _ ^ 

That under suitable conditions y-sulphur can retain its individuality 
for a considerable period is clearly demonstrated by tlie fa(!t that 
insoluble sulphur ” has been found in a specimen ol‘ “ flowers of 
sulnhur prepared more than fifty years previously. Indeed, the 
presence of insoluble sulphur ” serves as a trustworthy cliaracteristic 
of o-eiiuine flowers of sulphur ” by which the fraudulent substitution of 
powdered sulphur may easily be detected. 

IVhen prepared by chemical methods, y-sulphur is frequently 
accompanied by an apparently amoiqihous powder wliicli is readily 
soluble in carbon disulphide, this has been regarded, by some investi- 
gators, as a definite form of sulphur and given the name soluble 
amorphous sulphur ” ; - in reality, however, it consists of minute 
spheroidal crystals of rhombic sulphur possibly together with nacreous 
sulphur.3 Another so-called modification of amm-piions sulphur, 
described as soluble in carbon disulphide but becoming insoluble on 
evaporation of the solvent, is probably no distinct form, but only a. 
mixture of y-sulphur with finely divided crystalline sulpluir. 

It is probable that the inconstancy of the results obtained by- 
various investigators for the spechic gravity and other eharactcndstics 
of y-sulphur is due to contamination of the substance (examined witii 
other forms of sulphur or with Ibreign substances. wSneh a, ])r()l)a,bilitv 
is increased by the description of a hydrated form ol‘ amorphous sulphur 
the composition of which points to its being a definite lijjdrate, ; 

this compound is stated to be obtainable by the interaction of hydrogen 
sulphide and sulphurous acid in aqueous solution.'' 

Milk of Sulphur ” or Precipitated Sulpluir ” of commerce, whic.h 
is prepared by precipitating with acid a solution ol‘ calcium poIysuij)lu(!(‘ 
(obtained by heating an aqueous emulsion ol‘ slaked linu' with hiuly 
(divided sulpluir, sec p. 67) or of "'liver of sulphur'' (obtained by 
fusing together potassium carbonate and sulplmr), is also a mixture (T 
finely divided rhombic sulphur with the insoluble amoi-phous y-su!phnr. 
It owes the paleness of its colour and its especial suitability Ibr internal 
medicinal application to its very fine state of division.^' 'y~Su!ph::r in 
reactivity is very little different from ordinary crysiailinc' sulphurU 

( Siniih and Holmes, ZeiUcJi. physibil. Cbun., V,m, 42 , KiU , [ 1 uertv, ./. lUifn'm. ('hini. 
1923, [yii.j, 28 , 223 ; Ma^nnu.s, Arui, Phys, Clu/m., 1834, 92 , .3US ; Cordos ;ind (dUjs 

Ann. Chun. Phys.. 1851, [iii.], 32 , .385; Erodie, Proc. jfy. Sor., 1 S 54 , 7 , 21 • Ucrthelot’ 
Co'nLpt. noid., 1857, 44 , 318. • . ^ , 

~ Bertheloi, H/uo Chim. Phj<., 1857, i iii I, 49 , 430 ; 50 , 37G ; Comul. / r nU., I ,S7( ), 70 , 0 ! 1 . 

1 ^ Chtiii., 1891, S, 608: Aluthmami, Zdiu-h.. Kn/st. Min 

1890, 17 , 342, 398. 

See, e.g., ^lagnus, An... Phy,. Clum., 1S5G, [u.], 99 , 145 ; Weber, He/., 1870, | n. j, 141 , 


6 25 , 253. Sec also Rebus, Chn,i.. Xnws. 1888, S 7 , 87 

® Sabbatmi, Biochtm. ZciUch., 1914, 59 , 378. 

\rnlldUb f' Phys., is.j 8 , [iii.], 54 , 4!) ; Cnmpl. n-nd., I 858, 48 , .'{'JH ; 

-luller-Lrzbaeli, Annahn, J883, 18 , 114 ; 8 ohmitz-Dumont, Her., 25 , 205!). 
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TT-SuljjJmr, a deep yeJlow amorphous form of sulphur soluble in 
earbon disulphide, has already been deseribed (p. 17). 

Other forms of amorphous suljdiur, which have been described at 
various times in chemical literature, are tlie so-called '' blue siilpJ/ur ” 
and “ black sidphur '' : our present state of knowledi^e of these is far 
from satisfactory, and tlieir existence as definite modifications of pure 
sulphur is (uiestionable. especially in the case, of the latter variety, the 
colour of winch appears to be due to small quantities of earbon or of 
metallic sulphides.^ 

IVhen a concentrated solution of ferric chloride is rapidly mixed with 
fifty to one hundred times its \'olume of aqueous hydrogen sulphide 
solutio]! the liquid assumes a transient blue colour, sulphur subsequently 
precipitating in the ordinary 3 'ellowish- white form.“ Sulphur with a 
blue coloration is also obtained in tlie interaction of carbon disulphide 
and sulphur chloride, for tlie prej^aration of carbon tetrachloride, under 
the catalytic influence of i'erric chloride, 

CSo-~ 2 SXh = CCl 4 - 0 S. 

By submitting various metallic sulphides, e,g. those of bismuth, 
silver, cadmium or zinc, to the action of a solution of siiljAnur chloride 
in l^cnzene or toluene, a greenish-blue ])recipitate of sulphur is obtainable, 
but the product invariably contains several units per cent, of mineral 
inqnirity.'' The suggestion that Ultraniarinc owes its colour to the 
presence of a blue variety of sulphur appears to have little probability, 
especially in view' of the stability of this substance towards heat,"^ and 
indeed the true nature of tlie blue- or green-coloured precipitates of 
sulphur, obtained by any of tlie afore-rncntioned methods, requires 
much more experimental investigation before the existence of a blue 
or green modification of sulphur can be accepted. 

Sulphur, liow'cver, dissolves in certain organic liquids, for example, 
hot glycerol or ethylene glycol, and in ]iyrosul])hnric acid, yielding 
clear liiue solutions.'^ Cryoseojiie measurements with solutions in the 
latter solvent indicate that tlie sul])hur molecules are diatomic, and it 
is to be assumed that this is also the case with the bhic solutions in 
organic solvents. Thus, in such solutions the suljiliur is more highJy 
dispersed than in most organic solvents, in whicli the molecules arc 
Gctatomie. 

Tlie existence of a black form of snhphur was hrst suggested by 
I\iitsclierlich in 185(7 wlio observed that in tlie presence of Axry sliglit 
traces of organic impurities, plastic sulj)hur could be obtained w'ith a 
A’cry deep or e\'en black colour ; ^ the necessity ibr the presence of 

^ Xcutiiann, Zdi-srli. anfjcir. Ch(ni.. 1917, 30 , i., 1(35. 

“ W'ohlcr, Arindh ii, ]85:>, 86 , 378 : VolioI, J. lAinnn. Cliini., iS5(3, [iial, 29 , 433. See 
also Seltifl, A/iiiaIrfi. I 8 ()(», 115 , 58. 

J. ihtds. Ph (Pnon. Poc., 190], 33 , 397 ; 1902, 34 , 52. Sec also Stock and 
Blix, JPr., 19U1, 34 , 3039 ; iOxlinann, Aundlcn, 1908, 362 , 133 : von Wennarn, J. Russ, 
PJty^\ (Audn. Por., 47 , 2177 : (7uan‘sclii, Alli P. ArrnA. Pci. Tormn, 191(3, 51 , 951 ; 

Pvohiand. K(Pnld-Z< ilich., 1915, 16 , 145 ; Ruil and Gei.sel, Brr„ 1905, 38 ,’ 2(359. 

' raterno and IMazy.ucchclli, Atil R. Arrad. Lntcri. ]9(>7, [v.!. 16 , 3., 465; Pncliner, 
KoUoid-Zo.ilscli., 1915. 16 , 145; UotVma'in, Zdts'di. ('firm, lud. Kdlhjidr. 1912, 10 , 275. 

^ von Weiinarn, -/. RiU.s.s, Pfujs (Ahr.)ii. Por., 1915, 47, 2177 ; Kali, (dhrui, Pdhrflr, 1926, 
22. 38: ()<?t\vn1fl nnrl A iK^i-hncln KnUoid -Zjiilsrh .. 192(3. 28. 33(3: Aiica'kacli. Znlsdi. 
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foreign matter, however, greatly discredits any claim of this variety 
to be^ a distinct allotropic form. 

Sulphur thus presents a most remarkable example ol ]^o]\ unorj^hisui. 
Iiulecd! on account of the complexity of its behaviour in this direction, 
much further investigation will be required before a]iy attempt at a full 
and o-cneral interpretation of the phenomena will be possible. 


Colloidal Sulphur. 

Colloidal sulphur, sometimes designated d-sulpliur, consists of 
sulphur in such small particles that these can remain suspended in 
water as a colloidal solution^ Such a suspension is readily fornicd by 
rapidly pouring an alcohol solution of sulphur into water," or similarly 
treating a solution of sulphur in hydrazine liydrate.- Cathodic 
pulverisation, as applied commonh' to the ])rodiiction ot colloidal 
solutions of metallic substances, has also been successfully extended 
to sulphur.'^ 

When hydrogen sulphide is passed into a solution o(’ sulphurous acid 
(see p. 128) some of the sulphur remains in colloidal solution, the amount 
and degree of dispersion depending on tlie concentration of tlie sulpliur 
dioxide,'^ both increasing to a maximum as the latter decreases and tiien 
failing rapidly ; the degree of dispersion of the sul[)iiur tluus decreases 
with its concentration. The formation of sulphur sol by tiie action of 
hydrochloric or sulphuric acid on aqueous solutions of sodium thio- 
siilpliate decreases with increasing concentration of the reaetaiits and 
also decreases somevrhat with lowering of teniperafurcu jVftc]’ tlie 
formation of sulphur sol by these chemical methods, tlie mixture siiould 
immediately be flocculated by the addition of jiurc sodium eliloride 
and the precipitate separated by centrifuging the liquid. The sul[)]uir 
obtained is largely redisjiersible in w'ater, forming a livdrosoi, anv un- 
dispersed portion being removable by sedimentation. 

On account of the tendency of the suspended ])artic]cs to coalescao 
colloidal solutions of sulphur are generally short-lived. T.be stability 
of the solutions can be increased by the addition of a ‘'proievi i\'e 
colloid such as albumen or gelatine. The action ol' li varoeliloric 
acid oil sodium thiosulphate solution yields a colloidal soliitioo wliiidi 
is more stable if the reagents are used in a coimentrated eouciitiojid' 
but the lile ol the unstable colloidal solution obtainc:d witii ililute 
reagents can be extended by the addition of gelatine. Aviso, bv ])re- 
paring the sulphur in a wet way in the prcsciiee of albumen, tlie 


ibid., IS.m, [ii.], 92 , 30S; Keller, Bull. Boc. chiw.., 1805, fii.l, , 
CJiciii., ISSS, Lii.], 38 , 48 ; Be>\, 1891, 24 , 615. See also Jones, (J, 
^ von W'eimarn and Haljislieft, J. Phys, Chfin. Boc., Jl, 
- 5Ieyer, Ber., 1013, 46 , 3080 ; Ostwald and Unger, KoUoi.d-2 
^ Hiiller and Xowakowski, Ber., 1005, 38 , 3778.” 

^ Oden, Korn ada, Upsrda, 1013, [iv.], 3 , Xo. 4, 1 . 

CJ. Raiio, ZfciPc/i. C-herii. I /id. kolloidc, 1008, 2 , 358. 

^ Lobry do Bruyn, Pec. Trav. chini., 1900, 19 , 236, Sc'.e also J 
Chem. bid. Kolloidc, 1910, 7 , 158 ; 1011 , 9 , 58 ; 1912, 10 , 278 ; ] 
1915, 45 , i., 1 JO ; also Garard and CoIl, J 
49? 6 a 0 ; Lora and lamayo, Anetl. Pis. Quiw. [Tec/i.], 1029 27 1 
mereapran, see Iwase, KoUoid-Zedisch., 1928, 45 , 31."'' ' ' 
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precipitate can subsequently be washed, dispersed in water containing 
a trace ot alkali, and the sulphur obtained finally as a greyish- white 
amorphous substance by dialysis and evaporation of tlie colloidal 
solution ; the product contains 95 per cent, of sulpliur and on dispersion 
in water gives an opalescent sol.^ 

Sulpluir sols ]nay also be prepared by intensively grinding together 
pure sulphur and grape sugar in an agate mortar and treating with 
water.- 

Kighlv dispersed sols, containing up to 0-082 per cent, of sulphur, 
may be obtained ^ by ])assing siipcrlicated sulphur va])onr, j'ree irom air, 
into air-free water. The sols have an acid reaction due to traces of 
polythionic acids and li^rlrogen sulphide. They' are white and remain 
stable for several weeks. 

Sulphur sols generally are opalescent, witli a yellowish-white to 
yellow colour ; wlien viewed by transmitted light tlicy commonly appear 
bluish. l)ut if freshly formed may exhibit successively tlie colours 
yellow, green, red, violet and blue. Such colour clianges, 'which depend 
u])on the degree of dispersion of the sulphur, may conveniently ])c 
sliow]} ^ by adding a dilute solution of pliosplioric acid to N 25 sodium 
tiuosuljiliatc solution. The yellow or brown colour ju'oduccd by sul])hur 
in sodium-calcium silicate glass ^ is not due to colloidal sulphur, but 
is probably caused by tlie formation of ])olysu]])hades.*^ 

Cd)]]oidal sulpliur is iisnally hydrophilie and capable of a])sor])ing 
water to a considerable degree. Tlie absorption is favoured l)y the 
])resence in solution of small amounts of acid or salts of nnivalent 
jnetais, but salts of bivalent metals hinder the absor]ition and cause 
precipitation.' Sols prepared by von VUeimarjrs method, i.e. by pouri^ig 
an aleoliol solution ot sulphur into water, arc, liowever, com})lctely 
liydro])]iobic.® They are negatively charged and are readily coagulated 
by electrolytes : alkali salts liave a ten to twenty tiiiics stronger 
coagiilatiiig action on them tlian on sols prepared by th(^ iiiteraetion 
of hydrogen sulj)]iide and sulplurious acid, or tlie decomposition of 
thdonic acids. It is evicient that tlie micelles in tlie two tyuics of sols 
are not identical ; the snlpliur is in a liiglily polymerised condition and 
tlie hydro])hilie colloid appears to contain pentathionie acid ; this acid 
can be detected in the liltrate after coagulation. rJoreoA'cr, hydro- 
philic sols arc produced by relictions wdiich yield botli sulphur and 
pentatiuonic acid, as in tlie decomposition of sulpliur nionochloridc by 
Avatcr : 

oSXU-rOlIoO-oS-l-HoSsO.d-lOHCi. 

A sui[)linr sol containing sulphuric acid and sodium s’nipiiatc, whicli 
act as stabilisers, iias an electrical conductivity lower tliau tliat of a. 
similar solution containing no colloidal sulphur : the freezing-point is 

^ Chemische Fabrik von Hcyckni, Otmian- .Patent. ( U »(.).“)) ; J. Sac. CJinn. I nil., 

1906, 25 , 284 ; lliminoll.)ciu(.n‘,, Zcitdcli. C/iem. Ind. Kalloidc. !909, 4 , 907. 

“ von W'eiiiiafn and L'tzino, Mtni. Cull. Sci. Kyoto, 1926, A, 8, 291. 

“ idviiVjiev, Zji'.dt-^(:.h. a norri. Chem ., 192(j, 152, 169. .dee also Winkler and CyiWov, C r, lui.i a 
Pattnt, 491606 (1926) ; DiUlor, Kolloid-ZaCrh., JiU7, 21, 27. 

‘ Aiicrbacli, Kolloid-ZeiUch... 1920, 27 , 229. S(^c also P- 29. 
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also hi^herP If siicii a colloidal siilpliur solution is dialysed, and then 
to Eie dialvscd solution suiphiiric acid and sodium sulphate are added 
in the amounts originally ])reseiit, tlic electrical conductivity of the 
resaltinii solution vill have tlic same hi^lier value as a similar solution 
from mhieli the sol 1ms been removed, ^ It must be assumed therefore 
that vdien tim sol is first Ibrmed the sulpiuir rcaets in some way with 
tlie electrolytes, probably eausiuy a ehanye in timir pliysieal nature, this 
resultino' in a reduction in c'lectrieai eoiuuietixdty and osmotic pressure. 
Further'^qiiantities of tlie dectrolytes added after tlic ibrmation of tlie 
colloid arc not alTcetcd by tiie eoliohh 

The transibrniacion of maieic iicid to iumarie acid is accelerated by 
the presence of colloidal sulpiiur.*- 


GnxiUiAL IhivsK’AO Ihtopinriuns on Sumnu K. 

Solid suhpinir docs not conduct elecd.ridty appix'ciably and so forms 
a convenient insulatiiio- m.aicTia! for sonu' purj)os(;‘s, although it is more 
frequently used only as an inoTcdicait of insulating e()ni])ounds or 
mixtures." AVlien ruiibed, sulplmr b<,‘(‘onK‘S n(‘oati\'(Iy eharo'ed, altliough 
on ex])osure to radium radiaiion it ixx'omes ebaryed positix'c'ly.^ IMoltcn 
suipiiur coiidiiels t‘]t‘c! rici'iy appreciably, altimuyb imj)u.rities may 
contribate in part to ibis cbaraePTisl ie l>(‘ha.\-ioiirr' hhu^eouduetivity 
oi‘ tlu' liquid inerejis('s to a. mauiimuu al about idO falls to 

a minimuni ai. aibont t'.. and 1 limxsd i (a* iner(‘as('s (r/. visctosity 

elianyc's, p. lb). b\b(‘ sp-ecilie rt'sisi anet' a( Ibb' Ch is a ppi'oximatdy 
7 «5xlb^‘^ oliins.' Tl:e dicacc} rie eoustairl th' solid suipbm' is approxi- 
liiatclv 2*7'.'^ abiiougii \-ariali(/n occurs aceoi'diiiy to ilu‘ axis alojig 
wliic'h tlu' uicasureincn'i is made. l^'or tbe iitjuid, sujxa'cooh'd between 
150' and 005 ' 1 bee (’la usiiis-Mossol I i law is followed.'' Sul])luu' is 

(lia.inaymcl ie. 

i Uossi, mre, :>0, , !■»;?!, CO; (:<! -iflf,, IDCl, 54, (If); Zi/hio- 

InfjK'd, l!iC7,2, ciU i ia l!o ;;nii U"-. i, Z.iil:.cfi. ('/n in. hi'!. /\<>!l'>ifli, ii, ICl ; (h!z::(-tt(i, 

1 !) 1 c, 42, 1 11 |, 
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On account of its low heat conductivity solid sulpliur breaks readily 
when wanned, the uneven expansion caused by the warmth of the hand 
being suflicient to cause an audible sound of crackingh Tlie following 
values for the tlierinal conductivity of sulphur over the temperature 
range 20° to 210° C. have been obtained : “ 


1 Form. ! 

1 

Temperature, ° C. 

Thermal 

Conducrivity. 

Rhombic 

20 

0*00065 


40 

0*00061 


60 

0*00058 

?5 

80 

0*00055 

35 

Monoclinic 

f transition 
\ poiP-f 

100 

0*00054 

0*00037 to 

Plastic 

20 

0*00040 

0*0002 

Liquid 

115 (m.pt.) 

0*00031 

3) 

120 

0*00031 

33 

140 

0*00032 

33 

IGO"^ transition 

0*00033 

33 

165 y poipt 

0*00033 

33 

170 J region 

0*00034 

33 

190 

0*00036 

33 

210 

0*00037 


The latent heat of fusion of solid sulphur varies with, the different 
allotropic Forms and with the temperature ; it is lowest For octahedral 
sulphur ; it is also iuFluenced by the pro])ortion of insoluble sulj)hur 
(y- or jjL-) in the original solid and in tlic li(iuid formed.-^ ]\\' electrical 
heating at the melting-point, the latent licat of .fusiou of monoclinic 
suljhiur has been found to be 8*85 gm.-cals. per gm. 

The latent heat of evaporation of sulpliur (within an estimated 
accuracy of 2 per cent.) is 79.^ 

As has already been mentioned, the behaviour oF molten sulphur 
on crystallisation is of a complex nature and dependen.t largely on the 
previous temperatures, the rate of cooling and the temperature at which 
crystallisation begins.^' Occasionally crystallisation occurs in a riiythmic 
manner, giving rise to an annular appearance in the structure of the 
solid mass.'^ The crystallisation of undcrcoolcd molten suljihnr is stated 

’ Paguin, Compt. rend., 1845, 20, 1667. 

- Kaye and lUggins, Prnc,. Roy. Roc., 1921), [A], 122, 633. 

^ in'^wi.s and .Kandall, J. .A'incr. (Riati. Roc., 1911, 33, 476 ; !9i4, 36, 2168 ; \\ igand, 
Zeilscli. ])// i/sitn-l. Cyhc7n., 1908, 63, 273. Per the heat of vaporisation, sen 'Traiibi', Jicr., 
1898, 31, 17)62. 

‘ .Siratlon and Partington, JdiU. AJoy., 1922, 43, 442 ; rf. Wdgand, loc. r:/Y. 

^ Awbery, Froc. Vliyslcal Roc., 1927, 39, 417. 

Gernez, Co)npt. rend., 1876, 82, 1163 ; 1883, 97, 1298; DuiRnn, ZrU.scjt. ph.y.dl'ol. 
CJiem., 1897, 23, 2.o4 ; Tammann, ibid., 1897, 23, 326; Ganbert, Cornpl. rctid., 1916, 162, 
554. 

" Fischcr-Trcucnfcld, Kolloid-ZeUsch., 1915, 16, 109 ; Koldcr, Kolloid-Zcitsch., 1915, 
17, 10. 
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to lx* accelerated by the action of radium radiation, prooably by the 

^-raysU . o . , 

in tlic molten condition the density of sul])hiir is (mpenaent onl\'^ 
on the temperature, provided that the equiiibriiim condition between 
A-siiI])hiir and //-sulphur has been attained; at li;U C. the density is 
Ivsru tlic value tJien rising somewhat up to about iGl)^ C.,- then steadily 
fallino- to l-48{) at C. Tlie coefneient of expansion has been 

measured bv several investigators, but on account of the conrolications 
introduced by tlic gradual readjustment of the equilibrium at new 
temperatures, ^ tlic results arc not altogether concordant, although tliev 
suppb' couhrmatory evidence of tlie existence of tlic equilibrium. The 
mean' specific heat of' mobile sulphur is 0*220 and of viscous sulphur 
0*290.-^ 

The remarkaldc variations in the viscosity of molten suljiliur ha^m 
already been mentioned. Ddinite measurements liavc been made at 
a series of temperatures by tlic method of rotating cylinders,'^ and i' h.as 
been found tliat exposure of the liquid to air, especially belov/ 100° C., 
has a marked effect on the viscosity from 100° C. onwards, 'ihe 
viscosity of ])urified (twice clistilled but not gas-free) suljdiur lias a 
value at 123° C. oi‘ 0*1094 C.G.S. units ; this falls to a minimum of 
0*0709 at 150° C., rises gradually up to about 159° C., tlicn rajiidly 
increases above this temperature ; an exact transition point is not 
observed, iiowe\'er. The maximum for purified unexposed (gas-free) 
sulphur occurs at about 200° C. and has a value of 215 C.G.S. units. 
For purified (not gas-free) sulphur after prolonged exposure to tlic air. 
the maximum occurs at about ]90° C. and may have a value as liigh, 
as SOO C.G.S. units. Such high Aiscosity appears to be due to impurities, 
the chief being sulplmric acid, resulting from exposure to tlic air ; 
sulphur dioxide and ammonia in solution also have an a])]3reciablc effect. 

The suriace tension of liquid sulphur has been determined for 
different temperatures by several Avorkers, avIiosc results, liowcA'cr, arc 
not in harmony.^ Kellasd in disagreement Avith tlic data of earlier 
workers, maintains that the surface tcusion of sulphur fads coutimioiislv 
from the melting-point to the boiling-point, and gU'cs tiic followino- 
values : ^ 

119*4 C. . . . ■. 60*46 dAUies iior cm. 

°C 56-38 

280 °C 48*2 ;; 

445 ° c 39.4 ;; 

Although sulphur exerts an appreciable Aapour pressure at the 
ordinary and slightly eleAuited temperatures, ^ tlic boiling-poim: is not 


^ Frisehauei', Ctonjjl 1909, 140 , Uol. 

^ - Ramsay, Trans. Chan. Sac., 1879, 35 , 4(3.3 ; Drii^VAan and Ran 
^oc., 1895, 17 , 1428 ; Arons, Ann. Phi/s. Chem., 1S94, [m.J. 53, lOG • 
ScUneider, .1928. 186 , 1356. ' 

2 Thy^.Ch,,,.^ 1892, iin.], 47 ^ 1G9 : Srael.iione, m 

l^prAz 6o/;.y.ye;.rUjS3S, 7 , 590; .Kopp, Ann, aim, 1855, 93 , I 
18/4, 4 , i 9 ,• 18/.', 7, 337 ; Dovillo and Troost, Err., ISSO, 20l';) 

jMondain-Monval, /vn/d., .i92(3, 182 , 58. ' 

" larr and Multod, Prar. Roy. Soc., 1920, [A], 97 , 80. 

„ J 1S77. 7 , 357 ; Zickcndraht, U)0(i. |i 

L«ll hoc iiv.j, 3, Idi ; Proc. Camb. I’hd. .Voc.',' 

Leilas, Iran a Chc?n. Soc., 191S, 113, 903. 

^ Ki-dlft and ik-rz, J-kr.. 1<JU3, 36 , dS-l-t ; ,ionc.i, Mtm. 


<, 7. 5(1! 

, (lazzdta 


1912, 56, 
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reached until 444 •60"' C. (at 760 This temperature is a definite 

constant - and enables sulphur to be used as a solvent for the ebullio- 
scopic determination of molecular weights.^ the following '' molecular 
formuke haAung been determined experimentally for the respective 
elements dissolved in sulphur : Se^.^, Te^. 3 , Asj_.o, and Sb^.^. The 

boiling-point (/) at various pressures maybe obtained from the equation : ^ 

^^444-60d-0-0910(p-760) — 0*000049(p-760)L 

The refractive index of liquid sulphur lias been im'cstigated and is 
found to decrease up to 160"’ C. and then increase above that temperature.^ 

With regard to the sjoectmm of sulphur, the most persistent lines in 
the emission spectra are of the following wave-lengths (A) : ^ 

1807-4 4694-2 9212-8 

1820-5 4695-5 9228-2 

1826-4 4696-3 9237-7. 

On vaporising sulphur in a cooled hydrogen dame, or on passing 
feeble electric sparks through the vapour contained in a (rcissler tube, 
a band s^oectrum is obtained consisting of a series of bands sharp on the 

[14], 1 ; Moss, Sci. Proc. Pay. Dublin 80c., 1906, il, 105 ; Cro.^^s and Higgin, Per., 1SS3, 
6, 1195 ; Bramo, A-)in. Phys. Clieni. Boihl., 1S81, [iii.], 5, S56 ; Bertliclot, Coyu. -pt. rend., 
ISSo, 100, 1326 ; DewaT, Proc. Roy. Soc., 1865, 14, 7 ; Porter, Proc. Ckeni. 80c., 1898, 14, 
65 ; Gruener, J . Arutr. Cheni. 80c., 1907, 29, ]396 ; Rufi and Graf, Zciisch. ayionj. Chem., 
1908, 58, 209 ; Per., 1907, 40, 4199 ; Cliavastelon, Compt. rend., 1923, 177, 1040, 1217. 
For the measurement of the vapour pressure at dilferent temperatures, see the last two 
references ; also Matthics, PhysiDfl. Zciisch., .1006, 7, 397 : lluelier and Burgess, J. Amer. 
Cht'/u. 80c., 1919, 41, 745. For iin investigation of the rate of sublimation of sulphur 
between 25“ and 50“ C.. see Tucker-, Pud. Png. Chem., 1929, 21, 44. 

^ Chappuis, Bur. Int. Poids 3/r.i., 1917, Hem. 16 : Eumorfopoulos, Ptcjc. Roy. 80c., 
1908, [A], 81, 339 ; 1914, [A], 90, 189 ; Callendar, ibid., 1908, [A], 81, 363 ; Cailendar and 
5I0SS, ibid., 1909, [A], 83, 106 ; Callendar and Griffiths, Ibid-., 1891, 49, 56 ; Day and 
Sosman, J. 'W ashingtoii Acad. 8ci., 1912, 2, 167 ; Ramsay, Prana. (Jhj-m. 80c., 1879, 35, 
463 ; Carneilev and "Whlliams, ibid.. 1878, 33, 281 ; .Hittorf, Ann. Phys. Chern., 1865, [ii.l, 
126, 196. 

- IMeissner, Ann. Pfiysik, 1912, [iv.], 39, 1230. 

^ Beckmann and Lii-sche, Zeitsch. anorg. Chon., 1914, 85, 31: 

^ jIuellcM- and Jkirgess, loc. cit. 

Hondain-Honvai and 8chncider, Compf. roal., 1928, 186, 1356. For refractive 
index and dispersion of sulphur vapour, sec Cuthbertson and IMctcali'e, Proc. Roy. Soc., 
1008. [A], 80, 411. For the refractivitv of sulphur in oriranie compounds, sec Fi-ice and 
Twiss, Trans. Chem. 80c., 1912, loi, f259 : Delepine, Chim. Rhyn., 1912, [viii.l, 

25, 529. 

•’ J n'ernalional Criiical Tables, National Hi-search CouiiciJ. U.8.A., 1929, v., 324. See 
Plncker and iUttorf, l^roc. Ray. Soc., 1864, 13, 153; Phil. Mag., 1S(')4, [iv.j, 28, 64; 
Seguin, Cum pi. rc/irl., 1861, 53, 127 ; Salet, ibid.. 1869, 68, 4()4 ; 1871, 73- 559 : Hartley, 
Phil. Traim.., 189,3, 105, 161 : do Gramoiit, Comgd. rend., 1894, 119, 68 ; Kvershed, Phil. 
Mag., 1895, [v.], 39, 460; Fiinge and Pasclu-n, A tut. Chim. Phys., 1897, [ni.], 61, G69 ; 
RarKLen, Zeitsch. antjrg. Chon., 1898, 18, 86; Fder and \ alenta, Silzu ngs.bw. K. A Jead. 
IF/ss. Wicn, 1898, 67, 97 ; Kxner and Haschek, Die Spnktreu. dec Plonenle bei norinalcn 
J)ruck, L'icm, 1912, vol. .3: Heissner, Pitijsikal. Zeilsch., 1914, 15, 668; Stark and 
Kiin/er-, A nn. Phi/si/:. 1914, [iv.], 45, 29; Bowen and Hillikan, RJii/s. Po loc, 1925, 25, 
295, 591, 600; 26, 150; Bungartz, Ann. Physik, 1925, [iv.], 76, 709; Bliattacliaryya, 
Proc. Poy. 8ui'., 1 929;, [A], 122, 4 i 6 ; Matv/e. 1928, 122, 241. For Inglun- order speotr'a, 
S 11., see Bloch and Blodr, Cum/il. rend., .1927, 185, 761 ; 1929, 188, 160 : Gilles, ibid., 
1928, 186, 1109, 1354; Jaicroute, ibid., 1928, 187, 975 ; J. Phys. Pndiuny J92S, p’i.], 9, 
ISO; Ingram, Phys. Jievii ir, 1928, [11.], 32, 172. S 11!., see GOlles, CP?///;/. /c-/a/., 1929, 188, 
63, 320. S IV., see Bowen, Phys. Peviciv, 1928, [li.], 31, 34. For the influence of argon on 
the sjiectrum of sulphur, see dohnson and Cameron, Proc. Poy. 8oc., 1924, [A], 106, 195; 
jMcLcnnan, Ruedy and Jiowlett, Trans. Poy. Soc. Canada, 1928, [lii.], 22, III., 79. 
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violet side ])ut sliading off towards the red and extending right across 

the visible rcc'ioiid ^ 

The changes in tlic absorption speetrum of sulpnur ^'aponr over tiic 
range 400" to 1200" C. iiavc already been mentioned (p. 15).^ In the 
nltr^-^'iolet region the spectrum has been investigated “ over the range 
lOO' to 1000" C. under low pressures (0-5 to 53 mm.) using a continuous 
spark under water as a background. Below 250 C. continuous absorp- 
tion occurs between 2700 and 2300 A, but at higher temperatures, as 
So molecules appear, and under 0-5 mm. pressure, a band spectrum 
between 2027 and 2713 A appears, which, with rise in tenp^erature. 
continues to extend until it covers the region 3700 to 2475 A. It is 
tlien composed of three distinct sets of bands, viz. : 

(i) 3700 to 2794 A, bands of fine structure ; 

(ii) 2794 ,, 2592 A, narrow bands without line structure ; 

(iii) 2592 2475 A, broad continuous bands. 

There is a band of maximum absorption ^ at 2750 A. 

The lluorescence spectrum ^ of sulpliur vapour under excitation by 
liglit from a mercury arc gives a series of bands extending o\xr the 
visible region. 

The absorption of light by thin layers of sulphur (0-3 min.) at 0" C.'^ 
is continuous from the ultra-violet to 4080 A, and extends a further 
20 A towards the red for every 10" rise in temperature U]:) to 300" C., 
no discontinuity, such as might be expected (see p. 15), being observed 
in the neighbourhood of 160" C. 

The absorption of ultra-violet light by colloidal solutions of sulphur 
has been examined,® and is found to vary with the size of tlie colloid 
particle, approaching a limit corresponding with tlie amount absorlocd 
by a molecular solution of sulphur in alcohol. 

Chemical Properties or Sulphur. 

Sulphur is less electronegative than oxygen and the halogens. It 
combines directly with most of the elements, notable exceptions being 
nitrogen, gold, platinum and beryllium. 

When heated in oxygen or in air it in (lames near 2 GO" C.” Avith 

^ Salcr, Ann. Chin).. Phy-^., 1873, [iv.], 28 , 37 ; Cornpt. rend., 1869, 68 , 40-1 ; Ooi-noz, 
ibid., 1S72, 74 , 804; Xiehols and 8 no\\\ Plal. 1801, [v.], 32 , 4 (H ; da Granioiit, 

Coni'jA. rend., 1896, 122 , 1326. 

- Henri and Treves, ibid., 1024, 179 , 1166; Xafnre, 1924, 114 , 894. See also Slnuvr, 
Trans. Roy. 'Soc. Canada, 1924, [lii.j, 18 , IlL, 145 ; Rosen, Zcllsch. Physih, 1927, 43 , iVd ; 
1938, 48 , 545 ; Giiles, ContpL icnd., 1929, 188 , 1607. The A-rav spectra' ha \-e laa;]) nbV.-iil 
gated by Lindli, Comyt. ruid., 1922, 175 , 25 ; llopfield and Riruo, Xdhtre, 1923, 112 , 437 , 
790 ; Hoptield, Phys. Bevuir^ 1925, [d.J, 26 , 282 ; Bowen and Milbkan, v/er/., 192.5, |ii. 25 ^ 
59, 295, 600 Ray, Pkd. Mag., 1925, [vn], 50 , 505; Robinson, Mat arc, J'925, 115 , iM 5 • 
Allison, J. ]\ ashington Acad. Sen., 1926, 16 , 7. Lor spectral .frccjueneies in i iio renion 
between light- and X-ravs, see Hohveek, Compt. rend., 1925, 180 , 266 658 • J ('d>hn vhvs 
1925, 22 . 311. . . - . . J J. ., 

" Xorrish and Pddeal, Trans. Cheni. Soc., 1924, 12 S, 2r)70 • Lrabain Pmr jPni Soc 
1910. [A], 84 , 311. ' - - ^ 

; McLennaipand Waierstein, Plpjs. Rcricir, 1927, pi.!, 20 , 208 ; witli Lravson Snnlb, 
Phil. Mag., 1927, [vii j, 3 , 390 ; Rosen, Zcliscli. PIi//.<iL\ 1927, 43 , 69. 

■’ Fukuda, Mem. Coll. Sci. KydlO, 1921, 4 , 351.’ 

Pililblad, Ztitsch. physiLrd.'chcni., 1917, 92 , 471. 

■ Blount, Chem. Kerns, 1890, 61 , 108, 153 ; Hill, ibid., 1896, 61 , 125 • Jdiann J ] 9()7 
’ Moissan, Cornpt. rend., 1903, 137 , 547 ; McCrca and Wilson, Clicnn Kerns 

190/, 96 , 2o. 
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formation of sulphur dioxide and a little sulphur trioxide (see p. 103). 
As would be expected, the atomic heat of combustion ^ of octahedral 
siilpluir (71,080 calorics per gram-atom) is less than that of jrrisinatic 
sulpliur (71,720 calories) if considered at the ordinary temperature, the 
diiiereuce being equal to the heat of transformation ot the one form into 
the other. According to Mondain-Monval,- however, the transition 
S., -> S 3 absorbs only 87 calories per gram-atom. 

At 200 '' C. sulphur can undergo slow oxidation, manifested by a 
distinct phosphorescence ; oxidation can also occur even at the 
ordinary tenqoerature,^ especially with finely divided sulphur in a moist 
condition. '' Flowers oi‘ sulphur,” when stirred with waiter, usually 
imj)arts a feeble acid reaction to the liquid. To this slow' oxidation 
probably is to be attributed any beneficial effects resulting from the 
customary introduction of lumps of suhohur into dogs’ drinking troughs 
{cf. p. 12 ). 

Sulphur is soluble in solutions ol the sulphides of the alkali metals, 
including ammonium, with the formation of yellow' solutions of poly- 
sulphides.^ The alkali carbonates and the hydroxides of the alkali 
and alkaline earth metals, in aqueous solution, also dissolve sulphur, 
producing sulphides or polysulphidcs together w'ith thiosulphates and 
sulphites. In all probability the ideal equation for hydroxides is : 

6 MOH-r(>^-r 2 )S= 2 MoS,,-rM.So 03 - 8 iiA). 

The main polysulphide products are trisul 2 :>hide, tctrasulphide and 
pentasulphide, but on account of the tendency of the polysulphides to 
decojnjxvsc, yielding thiosulphate and hydrogen sulphide, the quantity 
of thiosulphate usually exceeds that indicated in the equation.'^ Loss 
of sulphur by the thiosulphate yields sulphite.^ The so-called lime- 
sulphur ” w'ashcs, used as insecticides in agricultural work, are obtained 
by treating sulphur w'ith milk of lime in this w'ay.*^ 

Many metals combine readily w'ith sulphur: for example copper in 
the form of foil or w'ire and the x'apour of boiling sulpliur react so 
vigorously, forming cuprous sulphide, that the metal becomes wdiite- 
hot ; sodium burns brilliantly on molten sulphur. The reaction 

Thomsen, ih-/-., ISSU, 13 , 059 ; Petersen, Zciisch. 'plLysihiL Cktin., 1S91, 8 , GOO. 

- Mondain-Honval, Conqjt. rend., 102G, 182 , 58. 

” Rodenstein and Karo, Zeilsch. phi/sikal. Clitm., 1910, 75 , 30. 

aiukler, J. jjraJ:/. Chem.., 1863, 91 , lid ; .’oiibert, Co)tipt. rend., 1S74, 78 , 1853; 
Heumann, Ber., 1883, 16 , 139 ; Schwarz, Ztitsch. anal. Ch( m., 1883, 22 , 531 ; Jacobsen, 
Btr., 1883, 16 , 478 ; .Bloch, Cu/ivpl. rered., 19()i), 148 , 78d ; W’at.son, C/iP/fi. Beiv.'-., 1913, 108 , 
187 ; Emclcu.s, J. Chtni. S(a:., 1928, p. 1942. 

^ HoiSsan, loo. oil. ; Maly, MonaUh., IS 80 , l, d05 ; Pollacci, Gazze/la, 1874, 4 , 177, 245, 
460; Boll. chon, farm., 1908, 47 , 363; Rrugnatolli and Pciloenio, Btr., 1874, 7 , 1462; 
1875, 8 , 71 ; Bnoux and Guerbci, Cum.pt. rend., 1013, 156 , 147G. 

^ Kuster and Hcberlein, Ztil.-ich. anoinj. Chem., 1905, 43 , 53. 

' Eahlberp: and 1 k^s, Btr., 1878, ii, 1187 ; Fordos and Gelis, Ann. Chim. Bhys., 1846, 
[iii.], 18 , 86 ; Senderejis, Bull. S(a‘. chim., JS9.1, [ui-]; SOU ; Co/njd. re ml., 1883, 96 . 830 ; 
Tartar, J. A^mer. Chon. Sac., 1913, 35 , 1746; 1914, 36 , 405; Aiiid, Trans.. Chon. Cue., 
1915, 107 , 480 ; Thatchcrr, J. Amtr. Chtm.. Toe., 1908, 6 o, 03 ; Haywood, luid., ]9(.)5, 28 , 
244 ; Gnarescln, Contpl. itnd., 1916, 163 , 390 ; Chapin, J. Jnd. JAnj. Chon., 1916, 8, 339 ; 
Tartar and 13ravc.s, J . Aoni.tr. Chon., Sue., 1924, 46 , 574. 

^ Calcauni, Cazzefla., 1920, 50 , in, 331. 

Bodnar, Chon. Zeit., 1915, 39 , 715 ; Chajjin, J. Lid. Bug Cht/n., 1916, 8 , 339. 

See Fiscebeck, ZeiUch. anorg. Chtni., 1926, 154 , 261. For t.hc relation between 
velocity of I'caction and composition of iron-sulphur mixtures, see Jorissen and G-roerieveld, 
Rec. Trav. chira., 1928, 47 , 737. 
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between aluminium and sulphur, started by means of magnesium and 
barium i)eroxide. takes jdacc witli ex]3losive violence ; also, magnosium 
•Mid sulphur combine c.xplosively if ignited by means of a mi.xture of 
suipliur and potassium ehlorate.i Many investigations have been made 
on the fusion eur\es of rai.xtures of metals with varying amounts of 
suinhur. and the formation of compounds has been revealed in many 
cases ; antimony and sulphur under these conditions yield only 
Sb„S...’'' vdiilst lead" and suliihur form only PbS.^ 

'lil’ost o.vidisiiig agents affect sulphur, tlie vigour of tlie action vary- 
ing with tlie coudTtioiis and with the nature of the agent. A mixture of 
sid])Iiur and potassium chlorate is highly explosive and will detonate 
violently on .slight shock. Xitric acid oxidises sulphur quantita-tiveh- 
to sulpimric acid. When heated with sulphur, most metallic oxides 
are coin-erted into sulphide and sulphate ; mercurj', lead, bismuth and 
cadiiiiiinx oxides are common examples : 


e.g. 4PbO-r4S:=3PbS-f.PbSO.^. 


In some cases, such as with the oxides of silver and copper, the 
sulphate can undergo further reduction by suipliur with forniatioii of 
sulpliide and sulphur dioxide ; the oxides of zinc, tin and iron arc not 
greatly attacked by suipliur, whilst chromium trioxide reacts so violently 
as to cause inflammation of the sulphur.^ 

Sulphates of the alkali and alkaline earth metals, wlien lieatcd with 
sulphur, arc converted into sulphide, ]}oh"sul])hidc and thiosul])]iate, 
with simultaneous formation of sulphur dioxide ; mmny other sul])hatcs, 
e,g. those of copper, mercury, silver and lead, yield only sulphide." 
Other salts of the metals behave in a similar manner, imdcrgoing trans- 
formation into sulphides, tlie change being effected more readily witli 
the salts of the heavy metals, many of which indeed react slowly witli 
sulphur even at 100“ C. in the presence of water.^ At 150“' to 200" C. 
mercuric, stannic and ferric salts in aqueous solution arc (juantitati voly 
reduced by sulphur ; mercurous, cupric, bismutli and lead salts arc 
slowly ])ut quantitatively precipitated as sulphides. Xitrales, perinan- 
ganates and iodates cause oxidation of the sulpliui* to sulpyiimm*. acid. 

Witli sulliciently powerful reducing agents, especially liydnodic acid, 
sulphur is reducible to hydrogen sulphide, and at liiglicr tcnqicraLurcs 
a similar reduction can be effected by organic matter generally.^ 

Liquid ammonia dissolves sulphur with ibrmatioii oi‘ an additive 
compound, S(XH 3 },,io decomposition slowly occurring with subsequent 


^ DAfinuui and Frohlicli, ZtlUch. ciiiaew. Chain., 1G27, 40, 

Pelahon, Chim. F/iy-s., 190G, [vni.], 17, ; seo aho .1/ 

4, GoG, 694. - Jaeger and Kloostcr, Zaitsch. ationj. Ch.c.in., !9 

' Friedrich and l.eroux, JldnUu.rgia, 1905, 2, dJG. .For the 
sulphur, see Jcliiiiek and Zakow.-ki, Zaihch. anorg. Chain.., !9d5, 142, 1. 

mSenderen.?, iFf//. /SZc. uAoj?., 1891 , [iii j, 6, 800. 

Fruckner, Monalsh., 1906. 27, 109 ; lais-udane, Ann. Chbn. Phy.<., ISd 
Doppinp, AhnnCu, 1843, 46, 172. See al.so Maniielli, AlC Jh AennI. Li. 
15, u, 703. For the reaction .sy.^teni (XH il.XyO,— Fe^S, see Jorjssen and 
pky-^iJ:a!. Chain. ^ 1927, 130, 482. 

' Bruckner, Monatsh., 1906, 27, 49. 

/ Filhol and Sendereiis, Compl. rtaiL. 1881, 93. Idd : \-orti)ianii and 
HS9, 22, 2642 : Selczner, ./. Pht/s. Chn„. Sue., 1882, i. 124 ■ lire 
8ee also Euler, Bar., 1904, 37, 1704. ' ' :» 

Moissan, Compi. rand., 1901, 132, olO ; Ruli and Geisoi, Bar., 1905 
and Hecht, Zadscli. anorg. Chem., 1911, 70, 49 : lUifL Verh. Ce^. dryl \at 
1911, II, 24. 
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formation of hydrogen sulphide and nitrogen sulphide. ^ Aqueous 
solutions of ammonia resemble solutions of the ordinary alkalis in their 
aetion on sulplmr, but are less rapid in their elTect.^ 

As has already been mentioned when discussing the allotropy of 
the element, especially in the gaseous condition, sulphur can exist as 
molecular aggregates of variable maLgnitude, so that tlie molecular 
wcigiit is not constant and in the gaseous condition ranges actually 
from Sg to S. In tlie molten condition it is probable that at least two 
types of molecules exist, namely Sg and (sec pp. 14, 17), but in 
solution at the ordinary temperature sulphur appears to be present 
almost entirely as Sg molecules, even with such a variety oT solvents as 
broinoformf^ iodineA anthraquinonc,'' white phosphorus A antimony 
trichloride,'^ carbon disulpliideA carbon tetrachloridcd^ na])htiialene,^^ 
toluencA^ diinethylaniiine and rubber A^ The various investigations 
carried out with soiutions of sulphur in these liquids include cryoscopic 
and ebullioscopic measurements, and measurements of vapour pressure, 
and from tlic results obtained the evidence for the existence of 
octa-atomic sulphur in the dissolved condition is overwhelming. 


The Valency of Sulphue. 

The valciicy of sulphur is also variable, having in different compounds 
the Axilncs 2. 4 and 0. At one time the existence of G-valcnt sulphur 

was cienied and the iormuia of sulphuric acid was written I ')>S(01I)o, 

with 4-valent snljLhur : the isolation of sulphur hexailuoride, SFg, 
however, proved the possibility of G-valent sulphur and removed the 
imaginary obstacle to rejmesenting sulphuric acid and sulphur trioxide 
as derivatives of G-valcnt sulphur By investigation of tlie pliysical 

' RuiL and Gciscl, loc. cit. ; Lcb(;aii and Eanioisoaii, Compf . rejicL, 1007, 144 , 1422. 

- clones, Trans. Chtm. Soc., iSTG, 29 , G41 ; Sendcrens, Coarpi. rend., iSST, 104 , 5S ; 
Bloxain, Tra-its. Chean. Soc., ISOa, 67 , 277. 

I)Oi\uo and Aniadon, Aiti B. Acc.ad. Lino-i, J900, [v.j, 18 , i., 138. 

’ Olivari, ibid., 1908, [v.j, 17 , in, 512 : Orloli, J. Phi/s. Chon. Soc., 1903, 35 , 462 ; 
Becdnnann and Hanslian, ZcHscJi. onorq. Cho.ni., 1912, 80 , 221. 

Jlockmann and Hanslian, loc. cit. ^ Gloss, J. Physical Chtm., 1S9S, 2 , 421. 

' ToIloc 7 .ko, /Add A.cad. Set. Cracovj, 1901, 1. 

Beckmann, Zcitsch. physlhal. Cht/n., 1890, 5 , 76; HeliT, ibid., 1S93. 12 , 200; 

A-ttl R. Arcad. Liiicti, 1893, [v.i, i, 210: Aronsieiii and Heihuizen, ZodPeh. pkysikal. 
Chem., 1899, 30 , 153 ; I'ekar, Z<ntsck. physikal. Chon.., 1901, 39 , 448 ; TiniofejciT, J . Puss. 
Phys. Chtm.. Sue., I;j03, 35 , 644 ; Orndorll and Terrasse, Ztlfsch. phyChal. Chsni., 1896, 21 , 
310. Odo andl Sen-a, Cazzeda, 1S99, 29 , 2, 243. 

Hertz, Zcitsch. jihysihal. Chtm., 1890, 6, 358 ; also Gloss, loc. cit. 

Oriidorii and Terrasse, loc. cit. 

Oopoi'i’, J . Pic<s. JPrys. Ch( ni. Soc., 1903. 35 , 612. 

Kelly and Ayers, Lul. loaj. Cfa ai., 1921, 16 , 148. Sc-e also Bilrz, Zcitsch. physihal. 
Che Hi , 1S9'7, 19 , 425 : Barnes, J. I'hy-'<ical Chtni.. 1899, 3 , 156. r or deierminalions of tdie 
solubility of suljduir in oryame luiuids. st'e Hildebrand and o’enks, J. A.mcr. Chem. Soc., 
1921, 43 , 2172 ; Delaplaee, J. Pharm. Ch.im. , 1922, [ vii.’i 26 , 139. 

See Kruaer, J. praht. Chmii. , 1876, [ii.'|, 14 , 193: Nasiin and Scala, Cazzclia, 1888, 
18 , 02; Per., 1888, 21 , 586 : Klinaer and Haasseit, pf r., 1888, 21 , 94: : 1889, 22 , 648; 
RrjueboiU'nsko, Brr., 1898, 31 , 3176; Varizelti, Cazztlia, 1900, 30 , 1, 175; Divers, 
Trriiis. Clu-m.. Soc., 1885, 47 , 213. For ])liysico-cliemieal cvKleiice of variable valency, see 
krarbews, .J. PJcysical CJicrn., 1913, 17 , 331 ; Stark and Kiiiizer, Physil:, 1914, [iv,], 



4i> 


SULPHUR, SELENIUM, AND TELLURIUM. 

proi^erties ui‘ niaiiv organic comi)ounds containinn- sulphur in a known 
coiulition ol \-aIcncv, Tt has been possible to calculate the part pla3^ecl 
bv tiie sulphur atoni in contributing to such physical properties as the 
snecitic gravity and the specific rclractivity of its conipounds, and hence 
to attribute to sulphur a fairly definite ^‘atomic volunic,” ^"atomic 
refract i vitv, etc., lor each state of valency A 

A notable contribution rendered by organic chemistry to our know- 
ledge of tlie quadri\n]ent sulphur atom is the demonstration that not 
only are the four valencies inter- 
equivalent but they are disposed 
spatially and not in one plane. 

The arrangement of these valen- 
cies must be analogous to the 
well-known disposition of the lour 
valencies of the carbon atom, and 
the quadrivalent sulphur atom, at 
least in organic conipounds, may 
be regarded as at the centre of 
a tetrahedron towards the angles 
of wliich the four valencies are 
directed. Sucli a configuration of the sulphur atom is proved by the exist- 
ence of two stereo-isomeric forms (enantiomorphous forms) of com]muiids 
in which the letters A, B, C, D (fig. 3) represent different radicals. 
Although the isomerides exhibit similar chemical properties, they exert 
on polarised liglit a rotating effect which is equal in extent but opposite 
in direction. It will be observed that the two spatial formuhe repre- 
sented in fig. 3, although very similar, are not superposablc. The 


B 


Fig. 3.- 



-Configurations of Enantiomorphous 
Sulphur Compound. 


'' sulphonium salts of the type 


CJI5V XH.,.COJI 

pSy , where X 

CH3/ 

two enantiomorplious iso- 


represents a suitable acid radical, exist as 
merides which differ mainh’ in the direction of their effect on the plane 
of polarisation of a beam of polarised light. For the satisfactory 
explanation of such isomerides a '' solid formula is essential. 


The Atomic Weight of Sulphur. 

That the atomic weight of sulphur is approximately 32 and not a 
multiple or sub-multipie of this figure is evident from the following 
considerations : 


- For atomic volumes, see Kopp, Annalen, 1855, 96, 153, .303 ; Thorpe, Trans. Chc.ni. 
Foe., J.SS0, 37, 327 ; Ramsay, Btr., 1870, 12, 1024 ; ISsO, 13, 214-7 ; Traii])o, Bcr., 1895, 
28, 2/22; iJonath and Mayrhofer, Btr.j 1883, 16, 1588; Kannonnikoli, J. JtiLss. Bkys. 
ChfuL. Soc., 1002, 34, 575. For atomic refractivit.y, etc., see Delepinc, An.n Chinn. JCri/s., 
1012, ! vin.j, 25, 520 ; Gladstone, P;oc. Boy. Soc., 1887, 42, 401 ; Xasiiii and Costa, Zn-.iinrh. 
p/naiJ:aL Chan., 1802, 9, G38 : Xasini and Carrara, ibid., 1895, 17, 539 ; KannonnikolT, J. 
Bias. Fhys. Chan. Soc,, 1884, i, 119 ; Hertlem, Ztilsch. physiknl. Chcm., 1890, 19, 300 ; 
; and Iwiss, Tia/is. Chan. Soc., 1912, loi, lT“)9. For elreci of sulphur oti tin' boiling- 



^ ./.y — JLU.LO ; ;:5nuKia, a. inainn .1 nni. vr/., inz/, 

10 A, 33. 1-or the. influence of the suUhiir atom on the reactivitv of adjac.C'ru atoms or 
groups in oiyanie molecule.^ see Bennett and Hock, J . Cham. Soc.'l 1927, p. 477 ; lAnnett 
and Berry, ibid., 1927, p. 1676. ’ m 
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(i) . The specific heat of rhombic sulphur between 23° and 92° C. is 
0*1759.^ Assuming a mean atomic heat of 6*4, by Dulong and PetiUs 
Law tlie atomic weighT is a]}proximately 30. 

(ii) . Experiment shows ihat, if AvogadroE liypOLliesis be accepted, 
sulphur is never present in its volatile compounds in an amount less tlian 
32 grams per gram -molecule. 

(hi). Sulphur, with an atomic weight of 32, fits naturally into the 
periodic scheme. 

(iv) . 'The atomic number of sulphur (16) places the element between 
phosi^horus (15) and clilorine (17), so that its atomic weight should lie 
between 31 and 35-5. 

(v) . The mass spectrum shows that three isotopes of sulphur exist, 

namely 32, 33 and 34. S.^.j is about three times as abundant as S3 3, 

and the tv/o together probably amount to about 3 per cent, of the whole.- 

The exact atomic weight of sulphur lias been determined in two 
dilTerent ways, namely : 

1. By gasomctric methods. 

2. By gravimetric methods. 

(1) Gasometric Methods. — Only the most recent of these are of 
sufficient accuracy to lend themselves for useful atomic weight deter- 
mination, and even then, owing to the uncertainty of tlie corrections 
to be a})plicd in view of the fact that the gases concerned do not strictly 
obey the gas laws, the results cannot be regarded as equal in accuracy 
to those obtained by gravimetric methods. The best result Avould 
appear to be that calculated ^ from the density of sulplxur dioxide and 
its coinpressibility, as determined by Jaquerod and Scheuer, namely 
S = 32-059.-i 

(2) Grcrciinetric Methods. — The early determinations, down to the time 
of Stas, arc now of historical interest only. They are therefore included 
without furtlier comment in the accompanying table."' In the first scries 
of Stas' experiments a known weight of silver was licated in tlie vapour 
of sulphur or in a current of pure hydrogen snljdiide. Excess sulphur 
was remo\'ed by distillation in a current of carbon dioxide, the latter 
having been ])urified with exceptional care, as traces of innmrity in the 
gas might cause grave error. As a mean of five results, calculated to 
vacuum, Stas foimd : 

2Ag : AgoS^-lOO : 114-8522^0*00()7, 

whence tlic atomic weight of sulphur is 32-()45. 

By reducing sihxn sulpliate iji a current of ]}ydrogcn Stas also 
determined the ratio : 

AgoSO., : 2Ag=:100 : 09*203. 

as a merm of six results, wlience the atomic weiglit of su][)jiur is 32*022. 

These values are too low. 

^ IvLirbalotr, J. Phys. Ch-ni. oV/v;., ilHt), .‘311. 

- AsLf)ii, Xalure., UjCO, 1 17 , 81)13. 

^ W'ounzc'l, J. Ch t ni . 1920, 18 , 342. 

Jaciuerod and Scheuer, Mlul. Sor. riiijs. liist. Nal. Gcucca, lOOS, 35 , (37.j. 

The values for the aioniic wcjghis used lur.re aiu not necessarily those given originally 
bv the authors, but have been recalculated usinu the following aniccedeiit data ; 0 = Jb-OUO; 
Ag-107-SS0 ; Cl-;35-457 ; X-14-00S ; 0-12 000; Xa-22-996. 
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THE ATOMIC WEIGHT OF SULPHUR. 


Year. Aiiiliority. 

i Ratio .Delerniiriod. 

j 

; XO. of 
! Expts. 

Atomic ' 
Weight of I 
Sulphur. 1 

iJurzuIiiLs [LiiirbnrJi 

R'b ; RbSO, 


32*1 

dt r Ch< tnic^ oth ed.. 

2Au- : Avo.S 


• 32*2 

ISld). 

2AiiCl : Ag.,S 

i 

32*6 

Isdd Turriu:' {P'h.U. Trma^,. 

Pb : PbSO; 


32*1 

' i Isdd, 123 , odT). 

PbO : l'b.SO, 


32*1 

1 BaO : BaSO.i 


32*2 1 

' iS4S i Svanbcr<: and Struve 
j (J, 2 ? raid. Chon., 

i : iS48, 44 , 320). 

2AgCl : AggS 


32*1 

; ISdl ! Struve {Annalrn, 

; ! IS.-)!, 80 , 203). 

1 

AgoSO.i : 2Ag 


31 9 

! ISIS i Diinia.s {Ann. Chin/. 

; ^ Phys., iSdS, 55, 

1 14d ; Anr/aJf)), 

! ! ISaS, 105 , S 8 ; 1860, 

1 i 113,24). • 

i i 

AgoS : 2Ag, --100 : 87*0902 

i 

U i 

31*98 

1 iSG(J Stas {('pavyfs Coin- \ 

Ao„S : 2Air, -100 : 87*06896 


32*04 

1 jdltcs (I^russels). ! 

j , 1394, I., 349, 410). ’ 

Ag>SOj : 2Ag, =100 : 69*20325 i 

6 1 

32*02 

1373 ■ Ccoke {Pioc. Ainitr. • 

A-.S : 2An, = 100 : 87*04124 ! 

5 ; 

32*12 

hew/., 1 STS, 13 , 52). . 

AgiS : 2Ag, -100 : 87*0953 | 

2 

31*07 

ISOl : Rieharci.s {ibid., 1S91, i 
26 , 240). : 

Xa.^COjj ; XaAO.i, =100 : ] 33*9855 ' 

8 

32*021 

1907 i Jlieiiard.s and Jonc.s 

I ( Canv gle 1 astilvtion 
; WdA/ington, laibli- i 

; cation 69). : 

2AgCl : AgnSOj, =100 : 108*7745 ' 

10 ' 

32*0()8 

1911 . Burt and Usher (P/oc. ‘ 
iY?/.Soc..iyil,[Al, 

: ssOi). 

2X., : XjS.i, =100 : 32S 9021 

7 

32-065 

1915 : Richards and Hoover 
i (J. AuU'.r. Ght'ni. ■ 

' Soc.. 1915, 37 , I., , 

; 95, 108). Sec also 

1 Holes Chim. \ 

i 1017, 15,51); , 

: Guye {ibid., p. 60). ! 

XaUO, ; Xa.SOj, =100 : 134*0158 ! 

(5 

:12 054 1 


These- expernricnts were merely incidental to Cooke’s researches on lh(' atomic 
vTC'.Lrh: or anrimo::'-. 


i urnn^o- ^iK)\v to inore recent work, mention may be made of timt of 
Kichard.s. Tliree of the eight determinations of the ratio XaoCO.s : 

made by Richards in 1891 were somewhat doubtfnl. Onhtting 
tiicse, the mean ratio lor the remaining five experiments becomes : 
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SULPHUR. 

Xa^CO.> : Xa^SO , 1 = 100 : 1^38*0952, 

wliencc wS 82 -032. Tliis value, however, is still slio'litly too low. 
Ite-dctoriuiuatioa ot tlie same ratio by Ricliards and Hoover in 1915 
o'avc S = 32-051, and tliis agrees witli the value S=32‘059 determined 
by I'oliunciric methods. 

It is diflicult to understand why the foregoing values should still be 
so mueli lower than that determined by Ricliards in 1907 from the ratio 
2AgCi : AgoSO^, namely 32-0G8. for this latter vaduc agrees closely wdth 
the 32*065 derived by Hurt and LXher in 1911 from the ratio 2X’o : X^’^S^i 
(see table). Tlie A'alue accepted by the ''International Atomic Weights 
Commission " in 1025 was 32*064, whilst the Revised Table for i929 
publislied l^y the Council of the Chemical Society^ gives the value 
32*06(5), in which the last figure may be in error by two or three units. 


The Detectiox and Estimation of Sulpi-icr. 

Detection. — Sulp]\ur in the free state is readily recognisable by its 
general a])pearance and characteristics, and esjDccially by its combustion 
to sulpliiir dioxide. Both in mixtures and compounds tlie presence 
of the element can be demonstrated by heating with charcoal and an 
alkali carbon ate, “ or even better, on a small scale, by lieating with an 
equal bulk of sodium or ]3otassium,^ or with powdered iron ; in each 
case some of tlie sulphur is comxTted into sulphide, which may be 
detected by tlie action of an aqueous extract on mercury or silver, or 
on. sodium nitroprusside ; tlie metals arc blackened, whilst the nitro- 
jirusside is very sensithx* in giving a purjde coloration (see p. 62). Alter- 
natively, the solution of tlie alkali sulphide may be acidified and tests 
applied ibr hydrogen suljDiiidc to the vapours c\'olved on warming. 

Various microchemical tests are available for the detection of 
minute quantities oi' sulphur, botli free and combined. The substance 
under examination may be treated witli a little sodium hydroxide 
solution, tlie extract eva]iorated just to dryness, a few drops of aqueous 
sodium cyanide (0*1 ])er cent.) added and the evaporation repeated. 
IdiC residue, moistened with dilute suljihnric acid and a drop of ferric 
chloride, gRx'S the characteristic (“erric thiocyanate colour if sulphur is 
present.'^ In the case of minerals, traces of sulphur dioxide produced 
on lieating may be detected ^ by the colour change of an alkaline solution 
of Bromocresol Green or by tlie dccolorisation of starch-iodine solution. 

A micro-test for organically combined sulphur in ]dants consists ^ 
in exposing the material to bromine vapour for several hours in order 
to bring about oxidation. After removing excess of bromine by means 
of ammonia or by A'olatilisation, the sul()iiatc is precipitated by calcium 
chloride, tlie crystalline ])recipitate being examined on the folio wing- 
day. 

Estiniation. — Free sulpliur is often estimated by extraction with 
carbon disulpludc,^ especially where a distinction is to be made from 

^ J. Client. Coc., IDCn, p. 218. - Eailey, Anier. J. Sa., ISOg [ii.J, ii, 251. 

^ yolil, Zell.^ch. (iiK.il. Ch.cut., i8().2, 2 , -142. 

Noll, .11)28, 33 , 1841); Fa pLtr Fn'hr., 1928,26. lAsl- u. Aushind.-s-Jleft, 59. 

^ Grunsteidl, aiuil. Chem., 1921), 77 , 283. 

^ Loberts and Selchov, Anzt/*. J. FCi , 1928, [v.J, 15 , 455. 

^ Klein, OeZerr . hot. Zeit., 11)27, 76 , 15 ; C/iem. Zevtr., 1927, ii., 2329. 

^ ITuhling, ZtlLsch. angciv. Ghem., 1889, p. 242. 
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eoiiibined sulphur. Total sulphur is usually determined by oxidation 
to sij]])]uirie ackl the latter beiny weio-hed as ])ariuin sulpliated The 
oxidisiny agents coininouly applied are bromine vrater, jutric acid, 
ptacldorTc acid, potassium nitrate, potassium chlorate and sodium 
peroxide:'^ the last tlirce are usually mixed witli anluxlrous sodium 
carbonate and applied by rusion : tliey are suited to the estimation of 
sulidiur in organic compounds.^ 

'in tlie estimation of sulphur in organic compounds by oxidation 



Fig. 4. — Electrolytic Apparatus for De- 
termination of Sulphur in Organic 
Compounds. 


Another method applicable to 


with nitric acid, the acid is some- 
times mixed with bromine ^ or an 
alkali chloride,*' or, morefrecuiently, 
fuming nitric acid is used, ^ in whicli 
case the oxidation is commonly 
effected in a sealed glass tube at 
150^ to 800" Cd A convenient 
electrolytic apiparatus (lig. 4) has, 
however, been described,^ in which 
only ordinary concenlTated nitric 
acid is necessary ; tlte lower elec- 
trode is the anode, and the bubbles 
of gas, escaping periodically from 
beneath the conca\^e surface, cause 
sutficient agitation and stirring. 
The great advantage of such a 
method as this is its safety, tlie 
oxidation proceeding at tlie ordin- 
ary pressure, altiiougli recjuiring no 
longer time than the scaled-tube 
method. 

Whenever nitric acid or a ni- 
trate has, been used for tlie oxida- 
tion, it is advisable to remove 
excess by evaporation witli bydro- 
chloric acid bej'ore proceeding to 
the precipitation of tlie sulplurric 
acid with barium clfioricie.*^ 
ganic compounds consists in com- 


^ For the u^e of the centrifuge in separating the barium .sulohaie, sec Ginuua-, Zell.ich, 
anal. Chem., 192S, 73 . 441. 

- Kempel, Zthsch. unonj. Chem., 1803, 3 , 103; CJark, Trann. Chon. Soc., J S03 63 
l(n 0 ; Drown, Chem. News, 1881, 43 , 89; Bjerrenaard, J. !»<(. IZnj. Chon.. ! 9 Jd’ ii’ 
KOo; Oebyier-l: ulnegg and PeteriJl, Monatsh., 1927, 48 , 619; Kalianc, Condchunc. 
air alia -Jjucha, 1926, 23 , 13, 154 ; 1927, 24 , 13, 549. 

Wr a comparative le-st of five oxidation methods, see Smith and Bain, Caiuuitan 
LliLn). Me., 1928,, 12 , 287. 


; P Koauicg i’ayaca.Z. ™/. ISll, rii.], 32, 11 : TuKIc and Isaaos, ./, J,aL Eu,,. 
Lilliu., I.n.y 7, 60b ; Chtni. d, ew-:<, 1916, 114, 88. 

See Rogers and Dougherty, J. Anier. Chem. Soc., .1928, 50 , 1231. 

Lefort, Zeiisc/o anal. Chtni., 1873, 12 , 32. 

; Carius, Annalen, 1860, 116 , 11 , 28 ; 1865, 136 , 129 ; Bor., 187J 3 697 
^ Gasparini Gazzdta, 1907, 37 , 426 : ./. Xoc. Chon. Ind., 1908, 27 ^ Ui). 

1 . die various methods by wliich sulphur can be estiinat.cd, standard 

/u il,7 4 I'rcadu-el! auci Hall, Aauhjiiml ClunuAnj 

X V i‘ OA’ ilelhods of Ohtiiiical AnulijKio (van Xoscvaiici, 

javkimi) iVili’'"'"''"'' ^'-rioacal McDwcU of Chaiucal Analysis {Gurney' & 
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] 3 letely converting the snljhinr into hydrogen sulphide. '*■ The substance 
is vaporised or decomposed by heating in a current of hydrogen and the 
mixture of N'apours and hydrogen then passed through a heated quartz 
tube containing platinised asbestos. Tlie resulting liydrogen sulphide 
is absorbed in alkali and estimated iodometrically. 

A rapid volumetric method for the determination of sulphur is as 
follows : “ The sulphur is dissolved in a known volume of hot standard 
sodium hydroxide solution and after cooling is oxidised to sulphate by 
the addition of hydrogen peroxide ; the excess of alkali is tlicn titrated 
with standard acid.=^ The method is applicable to gases containing any 
common sulphur compound exce]:)t thiophen {e,g. coke oven gas).'^ 

The sulphur content of coals, oils, tars, asphalts, etc., may be deter- 
mined by combustion in an oxygen bomb, a little ammonium nitrate 
being added to the cliarge to ensure complete oxidation to sulphuric acid 
(see p. 136).'^ After washing out the bomb the sulphur is determined 
as barium sulphate. 

^ tor iMciileii, Rac. Trav. chim., 19:22, 41 , 112. See also Losana, Giooii. Chini. hid, 
Ajrpl., .1922, 4 , 204; Peesei^ Oharn. Zeit., 1920, 50 , 785; 1927, 51 , 96; Eigenbergej’, 
Zeitscli. anal. CJiani., 1926, 68 , 220. 

- Kiljil, ZeiUnJi. anal. Chem., 1924, 65 , 185. 

^ For a summary of methods for the estimation of sulphur in iron and steel, see Pulsifer, 
J. Jnd. Eng. Clicm.., 1916, 8 , 1115. Sec also Zsehiegner, ibid., 1916, 8 , 324 ; Marinot, Ann. 
Chini. a/ial., 1922, [ii.], 4 , 5 ; Xikolai, Chern. Zeit., 1922, 46 , 1025 ; Ashida, J. Soc. Cham. 
Japan. 1923, 44 , 483 ; Kitajima, Rikivagadcu Kenkyujo Iho, 1923, 2 , 243 ; Jarvinen, Zeitsch. 
a/nal. Chain. ^ 1926, 68 , 397 ; Kling and Lassieur, Chern. had., 1926, 15 , 699 ; Ciochina, 
ibid., 1927, 17 , 383; Zeitsch. anal. Ghera.. 1927, 72 . 301: Harqneyrol and Toquet, Ann. 
Chini. anal., 1927, [ii.], 9 , 225 ; Stemmetz, hid. Eng. Chern., 1928, 20 , 983 ; Swoboda, 
Zeitsch. a.nal. Chain., 1929, 77 , 269. Sec also Chemical Age., 1929, 20 , 3. For the estimation 
of sulpluir in roasted ores, soc Peregrin, Ann. Chirn. anal., 1917, 22 , 26 ; in soils, Simon and 
Scholleriberger, Soil Sci., 1925, 20 , 393 ; in lead, Evans, Analyst, 1927, 52 , 565 ; Loysaht, 
Zeitsch. anal. Chern., 1929, 77 , 209 ; in antimony, Snyder, Chemist-Analyst, 1929, 18 , 6 ; in 
biological matciials, Drummond, Bwchein. J., 1915, 9 , 492 ; Pohorccka-Lelesz, Bull. Soc. 
chirn. biol., 1927, 9 , 263 ; Konarsky, Biochern. Zeitsch., 1927, 187 , 398 ; Lesiire and Dimcz, 
Bull. Soc. chirn. biol., 1928, 10 , 879 ; 1929, ii, COO ; in vulcanised rubber, Eaton and Day, 
J. Soc. Chern. Jnd., 1917, 36 , 16 ; Dyer and AVatson, ibid., 1922, 41 , 251 ; Kahane, Caout- 
chouc ft Gutta-iicrcha, 1926, 23 , 13, 154 ; 1927, 24 , 13, 549 ; Ann. Chirn. anal., 1927, [li.], 
9 , 261; V\'olcsensky, hid. Eng. Chon., 1928, 20 , 1234; Maekny, J. Soc. Chern. hid., 
1930, 49 , 233 T. For microehcinical methods applicable to organic substances, sec ITanai, 
Bull. hist. PJiys. Chain. Res. Tokyo. 1028. 7 , 915 ; Kubota and Hanai, Bull. Chern. Soc. 
Jagian, 1928, 3 , 168 ; l-lcin, Hoyer and Klar, Zeitsch. a tad. Ch>'oti., 1928, 75 , 161 ; Lucas 
and. Grassniu', M ikrocheiri... 1928, 6 , 116. 

Heinrich and Pctzold, Zeitsch. mad. Cdu'-in.. 1929, 76 , 120. 

Bradley, Cork, in and Eloyd, Ind. Etig. Cheui., 1926, 18 , 583. Sec also Kohont, ibid., 
1927, 19 , 1065; AVoodward, dial. (Anal.), 1929, i, 117; GT-inin, ibid., p. 167 ; dc Fazi, 
Annati Chim. A.ppL, 1926, 16 , 405. See farther on ilie determination of snlphui- in solid 
fuels, Sehon and \\vkypiel, C'hem. Zcit . 1920. 50 , 67.3 ; Bahr a.nd von dor Heide-Alelzer, 
Breniisfojf-Chetii., J92'6, 7, 3.13 ; Tyka,5 and Srreii, Chern. Zentr., 1928, i., 1J23 : Hac.kl, 
Chem. Zeit., 1928, 52 , 933: Xikolai and Vorobiev, Izrestia T(i>]i>t(rh. hr^t. M(>sco>i\ 1929, 
Xo. 3, 91 : in oils, Hauser, Arad. Fl<. Qniin., 1921, 19, 175; Wagnei', Zeitsch. (Viajeir. 
Chern.. 1923, 36 , 494 : 19-5, 38 , 1068 ; in peirolcnm, Francis and Crawford, J. Ind.. Eng. 
Chem., 1917, 9 , 479; Faraghcr. .Morrell and Alonroe, Ind. Eng. Chain., 1927, 19 , 1281 : 
Kennedy, il)id., 1928, 20 , 2 (U : Korsakov, Reft. KJa>z.. 1928, 14 , 68 : Devine and Lama 
J . may. Chetn. Soc., 1 1128, 50 , J 707 ; 111 benzole, Onnandv and. Craven, J . / nst . Patrol, lb ah... 
1925, II, 550 : in coal gas, ATylius and Hui tner, Bf '\. 1 9 1 6 , 49 , 1 428 : in spenr gas pnrif}-ing 
material, Stavorinus, Gas- ?/.. \Vassf -,Jarh. 1926, 69 , 790. 


CHAPTER III. 

COMPOUNDS OF SULPHUR. 


Although sulphur in the compact form appears to be a compara- 
tively inactive clement, yet when in a fine state of division it reacts 
with many metals, and k elevated temperatures it combines directly 
with nearly all other elements (exceptions being nitrogen, iodine, beryi- 
lium, gold, platinum and iridium) to form stable binary compounds, the 
reactions often occurring with great vigour. 

In its most stable compounds with hydrogen and the metals, sul])hnr 
is usually bh'alent, but it possesses the property of combining with 
these elements in ])roportions exceeding the valency requirements, 
forming series of polysulpliides of the type "‘Vherc x may be as 

high as 6 (see p. 67 ). The polysulphides of liydrogen are unstable 
oily liquids of uncertain freezing-points, and on Iieating undergo 
decomposition. 

Towards the halogens, sulphur is electropositive. Combination 
with fluorine and chlorine takes place at ordinary temperatures, the 
product in the former case being the hexafluoride, SF,., whilst with 
chlorine, sulphur monochloride, SoC-h, is first formed, then tlie dicliloride, 
SClo, and finally the tetrachloride, SCI 4. A monolluoridc and a mono- 
bromide are also known, but no coinpound of sul[)liur and iodine lias 
been isolated. 

Sulphur is also electropositive towards oxygen, ajui in the oxides 
and their derivatives the clement usually exhibits a valency of 1 or 0. 
The two stable oxides, SO, and SO3, are strongly acidic, giving rise to 
sulphurous and sulphuric acids, respectively, irom which numerous 
other oxyacids are derived. An intermediate unstable sesquioxide, 
S2O3, is known, but it does not appear to be the anliydride of l-ydro- 
sulphurous acid, H0S0O4. as its formula would suggest, since tliis acid 
cannot be obtained from it. Products Inwe also bc^cu described 
purporting to contain a higher oxide variously formulated jis SA):, SO^ 
and S 3 O 44 (see pp. PSO, 188), from wliieli the ])craeids mm {leri\'ed, i)ut 
the identity of such an oxide has not yet been satisfactorily esta'oiislm.d. 

Ihe following is a list of the oxyacids of sr!l])!iur : those in bra.(*,kcts 
are only known in the form of their dcrivath'cs, wludst tliosc marked 
with an asterisk are known in solution, but have not been isolated : 

(Sulphoxylie aeid, HoSO.,). 

•Aiydrosulphurous acid, HoSoO,}. 

'hSulphurous acid, HoSO... " 

Sulphuric aeid, IIoSO.i. ' 

Pyrosulphuric acid, II.^SoO^. 

'Hhiosulphuric acid, IloSo'^ol 
Permonosulphuric acid, IIoSO^, 
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Perdisulphuric acid, H2S20g. 

'•'Ditliionic acid, H2S20(j. 

'^H>itliioiiic acid, HoSgOg. 

'••Tetrathioidc acid, KoSjO,.. 

"Pentathionic acid, HoS^Og. 

(Ilexathionic acid, HowS^jO^). 

Arranged in order of increasing strength, the sulphur acids are as 
follows : 

H.S. H2SO3, H2S2O4, H2S2O3, HoSO,, H.SoO,, H2S3O,. 

Hydrogen sulphide is the weakest acid, di- and tri-tliionic acids arc 
approximately of equal strength, whilst sulphurous acid is the weakest 
oxyacid in tlie list.^ 

On replacement of one hydroxyl group in sulphuric acid, S02(0H)2, 
by such univalent radicals as —Nil 2, — XO.,, —F or —Cl, a series of 
sulphonic acids may be obtained, from wliich a large number of deriva- 
tives, both inorganic and organic, have been prepared (see, for example, 
pp. 242-252). 

The compounds of sulphur with nitrogen and carbon and their more 
important derivatives are described in this volume, i^p. 233-2S5 ; the 
compounds with pliosphorus are described under the latter element 
in Yol. VI., Part II. 


Sulphur axd Hydrogex. 

The most important and the most stable compound of sulphur and 
hydrogen is the well-known hydrogen sulphide, but, in addition, at least 
three well-defined compounds, KoSo, HoS.^ and Il2^5.. known, and 
there is evidence that a hexasulphide, TIoS,;, also exists. 

Hydrogen Sulphide, Sulphuretted Hydrogen or 
Hydrosulpliuric A^cid, H^S. 

Occurrence. — Hydrogen sulphide is jwesent in volcanic gases. “ 
probably owing to the action of steam on sulphides or sulpliur at a 
high temperature in the eartii. It is also found in tlie waters of certain 
spas,'"^ as ibr exam]:)le Harrogate and Strath])erfcr in tliis eoimtry and 
Aix-les-Ihiins on the Continent ; the hydrogen sulplude of such 
sulphurous '' waters has jwobably been formed at least in part bv 
the biochemical reduction of mineral suIj)hLatcs - (sec p. 175). Xot 
many bacteria aide to reduce sulphates are known, however, and those 
that are known are non-sporogenie and strictly anaerohic. The reducing 
action apjDcars to be associated witli tlie oxidation of organic matter, 

^ Jellinck, Z^7',<c7i. Chern., IDi], 76 , 257 ; KolthotT, AV-r. Trdr. 1924 

43, 2]_()._ _ 

“ iMiillips, J. Amor. Chf-m. Nor;., 1 S9S, 20, 096 ; sec also tlarnnelDn, A/ncr. J. Ari., 1904, 
19 , [iv.] :M5. 

^ J^ebio, A/r/uih-j) , 1S51, 79 , 94 : Meyrr, J. pnil't. Chfin., 1802, 91 , ] ; Lresenius, Arr., 
1877, 10 , OSS; Garrieou, (AnrijiL rc/ul., 1874, 79 , 4S7, 541, 0S3 ; Uilhol, ibid., 1874, 79 , 
010 ; Gautier, And., 1901, 132 , 740. 

Thomann, Srhv.eiz. WocJi-. Fharm., ]900, 44 , 5 ; Abstr. Chtui. Soc., 1900, 90 , ii., 477 ; 
see also Biirghardt, Chom. 1878, 37 , 49. 
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wheiiee tlic ncccssarv energy is clerivedU Decomposing organic matter, 
especially of animal origiip also frequently gives rise to liydrogcn 
suV/likka due to the decomposition of tlic albumi]ioid substances under 
the ill {iuciicc of micro-organisms. 

History. — TIic fact that sulphur is soluble in aqueous solutions 
of alkaline substances Avas known to the alchemists, who realised 
tliat it could again be lil^eratcd by acidifying, but although the 
simuitancous liberation of a sulphurous air ” is mentioned in their 
records, tiie gas was not submitted to careful examination. During 
tlie phlogistic" period tlie combustibility of the gas was discovered as 
well as its precipitant action on solutions of metallic salts. In 1777, 
Sclicelc obtained' it by the action of acids on calcium polysulphide and 
also on manganese sulphide and ferrous sulphide; he observed tlie solu- 
bility of the gas in water and its oxidation to free sulphur by atmospheric 
air and other oxidising agents. On account of the phlogistic views 
prevalent at the time, however, Scbeele and his contemporaries failed 
to recognise tlie real nature of the gas, which received such names as 
•'liver "of sulphur air,” ''hepatic air.” The gas was first recognised 
as an oxygen-free acid by Berthollet in 1796.^ 

Formation and Preparation. — I. From its Elements. — {a) Above 
200" C. hydrogen and sulphur interact with appreciable velocity, ibrm- 
ing liydrogen sulphide.^ Below 350'" C. the combination proceeds slowly 
until one or other of the reagents is entirely consumed, but above this 
temperature, although the reaction is naturally more rapid, the final 
product is an equilibrium mixture, the change being representable thus ; 

H2 + S:^=^HoS. 

The higher the temperature the lower the proportion of hydrogen 
sulphide in the equilibrium mixture. 

A careful examination of the velocity of the reaction under varied 
conditions indicates that it is proportional to the pressure of the 
hydrogen and to the square root of the pressure of the sulphur vapour ; 
this result is interpreted as due to the reaction occurring in stages, the 
first being a slow, reversible change, Sg tSo, followed by a very rapid 
dissociation. S, 2S, the combination of molecular hydrogen and 
atomic sulphur then proceeding with measurable Amlocity. Platinum 
black or red phosphorus accelerates the combination,^ as also does 
exposure to ultra-A'iolet light. 

Tlie formation of hydrogen sulphide in this manner can be realised 
experimentally by passing hydrogen or even purified coal gas into 
sulphur boiling in a iiask, when the issuing gas will contain appreciable 
quantities of hydrogen sulphide.'^ Under pressures of 5 to 10 atmo- 


" Elion, Lid. Ena. Cficm., 1027, 19, 136S. 

- BonlioHei, Ami. Chun. Phi/.s., 1798, 25, 23.3. For a detailed historical account, see 
Kopp, en-.^d/icJiic do- Clif.niic, 1845, 3, 317, 

- Correin.viiuccr, Aii,>. Cfnm. Idn/s., 1852, [iii.j, 34, 77 : Cos.sa, LVy-., IShS, i, 117 ; Mevz 

and As cith, 1899, 2, .14 L ; Chevner, (■■onipt. rend., i8()9, 69, ]:>(3 : Jannarjo, OnzzrUd 
iSSO. 10. 45; Boillot, Co„tpl. rend., 1S70, 70, 97. 1873, 76. (528, 869; Konowalov, J. 
JiUm. PJiifs. Chern. Soc.. 1898, 30, 371; Uelabon, Cornpt. rend., 1897, 124 .35 686 / 

Chnn. Pit!/.'!., 1900,7,447. 

Bodenstein, Zcitsch. plnj-siM. Chcin., 1899, 29, 315: Norrish and Ridcal, Tra,rs 
Chem. bar., 1924, 125, 2070. 

y Milbauer, CMm. PJiys., 1907, [viii.], 10, 125. See also under “ Dissociation," 
P' ® Taylor, Chem. News, 1SS3, 47, 145. 
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spheres the reaction proceeds at 250"" to 300'' C., giving a satisfactory 
yield if the liquid sulphur is subjected to vigorous agitation.^ 

(/;) Sulphur can also be reduced to hydrogen sulphide at the ordinary 
temperature if ‘‘nascent'’ hydrogen is used; thus, powdered sulphur 
yields some hydrogen sulphide if treated with aluminium, tin, iron or 
zinc and hydrochloric acidd the result being improved by the additional 
presence of acetic acid or alcohol, which will increase the solubility 
of the sulphur.^ The reduction can also be effected electrolytically by 
having powdered sulphur in contact with a platinum cathode immersed 
in dilute acid, e.g. hAvlrochloric acidd 

Vvhen heated with hydrogen iodide or concentrated aqueous 
hydriodic acid, sulphur is reduced to hydrogen sulphide, but once more 
the reaction is incomplete, leading only to an equilibrium mixture : 

2HI-I-S ^ I-r.S-f-I.d 

Other processes which are known to produce hydrogen sulphide 
from sulphur include treatment with steam or vrater ^ {e.g. in a scaled 
tube at 200" C. or higher temperature), heating with organic matter ^ 
{e.g. a mixture of vaseline wdth sulphur in the pro])ortions 7 : 3 gives 
rise to very pure hydrogen sulphide when heated), and the reducing 
action of certain anaerobic micro-organisms in tlie ])resence of water 
at the ordinary tem]:>erature, as well as ordinary alcoholic fermentation^ 

2. From Sid'pJiur-Oxygoi Compounds. — Sulj^hites in aqueous solution 
arc easily reduced to hydrogen sulphide by nascent hydrogen, ]>roduced, 
for example, by the interaction of zinc and dilute sulphuric acid : 

HoS03fGlI=3Tip-!-IIoS. 

The reduction of sulphites and of sulphates can also be effected by 
certain bacteria, the presence of hydrogen supdiide in some mineral 
waters ]:)robably being due to reduction of calcium sulphate in tliis wayd*^ 
Tlie first product is probably the corresponding sulphide, which subse- 
quently undergoes hydrob/tic decomposition. 

Hydrogen sulphide is also formed when sulphur dioxide is carried 

^ AnLo.rican Falejit, 1700578 (1029). 

- Clo«z, Coiiipf. rend.^ 1858, 47 , 819. 

^ Ti'aiitmann, BulL. Boc. hid. Mnlhnn.^o, 1801, 87. 
l>ec-(|ucrel, (Jont/pL rend.., 18(53, 56 , 237. 
irautdl'iiillo, Ann. Ohim. Pkys., .1858, [iii.], SA^ 

•’ CorTenwincicr, Cornpt. rtnd., 1861, 53 , 140 ; (Itlis, Ifnd., 1862, 5 ^?, 1014 ; Cimrci, ibid., 
18(53, 56 , 707; Gripon, ibid., 1863, 56 , 1137; Myers, J. praLi. Che/n., i860, 108 , 23; 
(UOirier, .iirnulfn. 1864, 129 , 350; Bolim, Btr , 1882, 15 , 1337. 

' Reinseli, J. prnhf. Chmn., 1838, 13 , 142: Fletelicr, Chem. 1870, 40 , 154: 

Ool'iiiston, 'ibid.., 1870, 40 , 1(57 ; Gallotly, thid., 1871, 24 , 1('»7 : T4clo\v. Ur/., 1881, 14 , 1712 ; 
UrolhLcrc, lA Union jdiarmac.., 1002, p. 12: AijAr. Cheui. .Boc , 1003, 84 , ii., 284: Drakeley, 
J. Chtm. Bov., 1017, lli, 853. 

llulim, U)C. vif. : 51iqiiol, Ber., 1870, 12 , 2152 ; Debraye and Leyrain, d)id., ISOl, 24 , 
466 ; Paine, Proc. loiva Aivnd. Bci., 1025, 32 , 63 : Alniv and .lames, J. BncL, 1926, 12 , 
310. 

^ de Peyl- Itulhade, Cnmipt rend-., 1888, 106 , 1(583 ; 107 , 43 : 18 S 0 , 108 , 35(5 ; Pozzi- 
Eseol, Bull. Bov. vMrn., 1002, 'iii.f 27 , 602 ; Compf. rr-nd.. 1003, 137 , 405: tihown'cnko, 
Zvilsvlh. physiol. Clnnn., 1012, So, 253. 8 ee alst) Abcloiis and Kibam, Co/nji!. rend., 1003, 
137 , 05. 

Plaucliud, Com pi. rt-nd., 1882, 95 , !3G3 ; Ptard and ()]i\ u'r, !h r.. 1882, 15 , 3001 ; 
.Beijei'inck, Crnlrdlbl. BnUcriol., 1000, iii.], 6 , 103 ; Salkow.ski, Z‘-il--<vh. ]>/n/sioL Clic'ni., 
10!3, 83 , 165 ; Sasaki and Olsuka, JViorhvrn. ZUitsvIi., 1012. 39 , 2o8 : W'lll and Sr'jiollhorn, 
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in a blast of steam througii red-hot _ coke ; the actual reduction is 
probably effected by hydrogen, since this gas is known to reduce sulphur 

dioxide at a dull red heat.- 

;3 From, Sulphides (sec also p. 63 ).— Almost all the methods com- 
monly employed for the production of sulphuretted hydrogen belong to 

Some sulphides, c.g. alumijiium sulphide, are decomposed in the 
cold by water, witli liberation of hydrogen sulphide : ^ 

A 1 ,83+ bH ,0 - 2 A 1 (01-1)3-^ 3 IL S . 


The sulphides of the alkali metals and of the alkalijic earth metals 
are readily decomposed by weak acids, even by carbonic acid.'^ Ry the 
use of these sulphides and dilute sulphuric acid it is j^ossible to obtain 
hydroaen sulphide in a high degree of purity. The lualrosulphides ol“ 
the alkaline earth metals are convenient sources of hydrogen sulidndc, 
yielding the gas on treatment with carbon dioxide or even by meu'ely 
heating." The carbon dioxide method is applied on a tech, ideal scale 
in the extraction of sulphur from alkali waste (see p. 50 ). 

When the gas is intended for ordinary laboratory ])ur])oscs, i'errous 
sulphide and hydrochloric acid are the reagents commonly em[)!oyed 
for preparing hydrogen suljdnde.^ The reaction occurs readily at the 
ordinary teinperature, but as tlie ferrous sulpliide is ])rodueed liy lieating 
together iron and sulphur, it commonly contains at least traces of 
metallic iron which cause the evolved gas to be eontandnated with 
hydrogen, in addition to inijmrities sucli as arsine due to tln^ presence 
of impurities in the iron. In order to avoid these imj)urili(‘s tint use of 
])recipitated rerrous suiphidc has been suggested, i)ut such a proec'ss 
would have various disad\'antages in addition to increased cost. Man- 
ganese sulphide and zinc sulphide have also been recommended in 
place of ferrous suiphidc. 

The chief defects of the ordinary laboratory forms of Iiydrogen 
sulphide generators result from the comparative slowness of the rc^aedion 
between the acid and tlic sulphide, especially wH.cn thc^ (umeentration 
of the former is low. Tlie apparatus described below (fig. 5 ) is more 
suitable for meeting continuous iica\'y demands. pro\'i(i:ng a rapid 
evolution of the gas from minimum quantities of acid, w]d(*h undergoes 
complete neutralisation.’ The reaction is 'hrough.t about at a. Ican- 
peraturc in the iicighbourhood of ]00" C. 'ey surrounding Wic suiphich.^ 
container with steam ; a short air condenser at A ensures praelicadly 
complete condensation of tlie outgoing steam, so that iiltle alUmtion 
is necessary. The acid holders contain commercial liydrocddoric acid 


^ Hartmann, iJinnl. Poly, J., 1880, 237, 14o. 

- Foiizes-Diacon, Bull. Soc. chiut., ]!)07, 1 , 36. 

Finkener, Per., 1S7S, ii, 1641; ilaiiipe, Chon. ZclL, 18!;0, 14, 1777; 
ZeiOsch. (I'/ud. Chtrn.. 1887, 26, 330; \\ jnklcr, Zuil.-<r}i. a/Kil. (.'hrm., i 888, 27, : 
Ber., 1879, 12, 215 ; Lena, Chon. IndudrC, Berlin, 1880, 00 ; l)ni])ci-, Chon. P 
50, 202; Habermann, Zeifurh. a,.gcw. Chon., 1800, 3, 116, lUmVll and 8iiii| 
1SS6, 19, 325 ; 18S8, 21, 804. 

gvon klillcM' and Op, Ber., 1SS4, 17, 300 ; tlichUr, Chon. Zdf., 1807, 21, 65 
and Slumidzu, Chon. Novs, 1884, 50, 233. 

Gay-Lns:sac, Aitv. Chriii. Phif.'^.. 1818, 7, 314. Also this Series, \'ol. IX., 1 
134. ' ' 
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c Ganrier, Bull. Sac. chirn., 1003 [ni.], 29, 867. 

‘ Steele and lOenb.am, T)aio. Chu:)/!. Son., 1020, 117, 527. 
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diluted witli an equal volume of water, and when tlie tap B is first 
opened, if the sulphide is thorougl'ily heated reaction takes ])laex‘ veith 
alniost explosi\x^ violence and each drop of acid is soon eoiupletely 
exhausted. A too sudden entry of acid is jwevented l^y tlic insertion 
at 1) of a piece of capillary tubing, 3 cm. long and 1 mm. bore. In order 



.Fku 5. — Improved Hydro'ii-n iSuipliide GeneiMLor. 

to (‘acilitate the displacemeuL. o!‘air from the rcser\'oir K by tlic incoming 
spent a(*id. the tube L has a number of iioles blown in it.* 

For tlic iproduction of liydrogen sulphide free irom uneoml^ined 
hydrogen, tlie mineral stibnitc is frequently used ; this reacts with 
concentrated liydrocliloric acid, l)ut the reaction is slow unless aided 
bv warming : 

Sb oS 3 OlICl - 2 SbOl 3 - 3 IT oS. 

Purification. — The commonest impurities in hydrogen suljdiidc 
are iVee hydrogen and arsine. Tim latter, wliich is due to the j)resenee 

^ For a drscT'ipiion with diagram of an ada])iati(m of the ordinary Ki})]) aoneralor for 
condaelinu; hxdj-og'aii sul])lu(le procipiuil ion under prossures; nl:‘ aboui Kx.) yms. per eni.-, 
see Fuller, J. Ind. Eikj. Chc-ni., 11)17, 9 , 702. The method is claimed to economise time 
and material and to produce granular precipitates whicli filter readily. 
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of arsenic in the rea^s^ents, can be removed by chemical means, for 
example by passing over heated potassium polysiilphide liver of 
suljdinr '’) at 850° C.,d the arsenic being converted into potassium tliio- 
arsenate. Otlier methods of treatment for the removal of arsenic 
include the action of solid iodine at the ordinary tem]mraturc, by which 
the arsine is converted into arsenic iodide and liydrogen iodide, whilst 
the liydrogen sulphide passes on almost unaltered and can be freed from 
hydrogen iodide by washing with water.- ?dere passage of the gas 
through a glass tube packed with glass fragments at a dull red heat 
is also effective in causing decomposition of the arsine.^ 

Hydrogen sulphide is generally dried by passage througii anliydrous 
calcium chloride, but as this may lead to the introduction oj‘ small 
quantities of hydrogen chloride, calcium chloride is not so satisfactory 
a drying agent as phosphoric oxide. 

Moissan, in 1003, applied a very clegan.t method to the removal of 
all impurities from hydrogen sulphide. " The gas was dried by slow pas- 
sage through two or three glass tubes at — 50“ to — 70“ C., wlricli jiroccdiire 
is as effective as the chemical drying agents commonly a|)|)lied. Tire 
hydrogen sulphide was then collected as a solid in a glass tube immersed 
in liquid air, and any air or free hydrogen ]}resent vras drawn away by 
exhausting witli a pump. On allowing the mass to rvarm gradually, it 
melted, and then attained a state of ebullition, the ]mre gas being 
collected when the boiling-point was constant. 

Physical Properties. — Hydrogen sulphide is a colourless gas with 
the unpleasant odour which is commonly associated with a b-ad co-o- 
(see p. 48), the smell of winch is actually due largely to tiris gas. It 
is Id 89 times as dense as air and one litre at X.T.P. wesghs 1 •o.do'grams.'"' 

In tlic formation of hydrogen sulphide from its elements heat is 
evoh'cd, gaseous hydrogen sulphide when referred to liydrogen gas and 
solid sulpluir being exothermic to the extent of 2»73 Calorics per gram- 
molecule.^ The specilic heat at constant pressure is 0*21-23,"' tlie ratio 
at 20“ C. having the ^'aluc 1-315.S The heat capacity decreases 
with increasing temperature. 

Water dissolves hydrogen sulphide iairly readily at the ordinary 
temperature,'' the solubility lollowing Henry's Law. Soiution is accoju- 
panied by an evolution of 4*50 Calories ]ier gram-molccide of <>as 
dissolved. 


125, 571 


72,5, 771; !S7 


^ Jdorcitcii, A/Dudryi, ,l 88 g, 234 , 257. 

- Jacobsen, Bcr., 18S7, 20 , 1901). 

Cautic-r, Bull. Sor.. rhiuK, 1903, [hi ], 29 , 807. 

i<n \ )!)<«, 137 , 3(5;j. Sec ai?o Cai-doso and Ann, . Chi, a 
1912, 10 , ;)(j4. t u 

^ Blcekrode, /boc. 7%. Boc.., 1884, 37 , 339 ; Liuluc, Cournf. uuul 1897 
i^anme and Lerrot, J . Chim. phys., 190S, 6 , 610. 

° Thomsen, ThcrmochruriBrlic Cnfersuclvunqni, 1882, 11. 03 • Be 

16 , 1535 ; jA?/.UU 7 /. C7m//c, 1905, 52 . 343 .’ 

' Croullebois, Ami. Chim. Phys., 1870, [iv.], 20 , 130. 

TQQo 67m-w.,]!)09.68,129: Mulltn-, .1/;.,/. l>hys Chem 

fPl eVh B 57, : -M.llar, ./. A (P,,. Pi, 

93 . 95 . 10; AM..,l..n,ann, dan. 1^. 

i88_. 111.], 17 1^0 . TUyizandl4olst,A/^.>^/^/;y,-. 67/.7-,/?., 18!)5, 1,^ C4 130 

1895 , 6^14 44, 000 ; l>ernuu 7 tPPL,. Aoc., 

Thomsen, loc. cit. 
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The following table gives the volume of gas, corrected to X.T.P., 
which can be absorbed by one cubic centimetre of water under a 
hydrogen sulphide pressure of 760 mm. : ^ 


i 

i "C. 

' Absorption j 
Cocificient. | 
' ! 

"C. 

Absorption 

Coefficient. 

"C. 

' Absorption 
; Coefficient. 

0 

•U621 

25 

1 2*257 

70 

i ; 

1*010 

5 

6*965 

60 ! 

! 2*014 

80 

■ 0*906 

10 

6*662 

40 1 

! 1*642 

90 

0*865 

i 15 

2*916 

50 

1 1*676 

100 

0*800 1 

20 

2*554 

60 

j 1*176 


1 


It will be seen that the solubility decreases rapidly as the temperature 
is raised, and this is still more evident in the following table, in wliich 
the solubility (volume of gas, corrected to X.T.P., absorbed by one 
volume of water at 760 mm. pressure) at various tennperatures is given 
(the figures are somewhat less accurate thani the foregoing). For the 
purpose of comparison analogous figures are given for alcohol, in which 
hydrogen sulpliide is more soluble : 


Solubility. 

cp. ' — ^ 


In Water. 

In Alcohol. 

0 

1*67 

17*89 

5 

6*97 

14*78 

10 

6*59 

11*99 

15 

6*26 

; 9*54 

20 

1 2*91 

7*12 

25 

i 2*61 

5*62 

60 

■ 2*66 

1 

65 

j 2*08 


40 

1*86 



The gas was first li(pieficd in 1826 by M. Faraday, who, twenty-two 
years later, succcssl'ully reduced the temperature by means of a mixture 
of solid carbon dioxide and ether to such a degree that the substance 
solidihcd.^ In Faraday's method, using an inverted U-tube, liquid 
hydrogen. snl[)lude is oldained by placing in one limb materials such as 
hydrogen polysulphidc or charcoal saturated with liydrogen sulphide, 

^ AVinklcr, 7j(disrh. pfiysihil. Chem., 190G, 55 ? 350 ; Landolt and Bornstein, Tabollen,'’ 
dill cd., ])p. 597, GOl . 

- Carius, AiirtaJen, 1855, 94, 14-0; Fauscr, dlath. natano. Btr. ans B/igarn., 1888, 
6, 154. 

2 Faraday, PIuL Trans., 1823, 113, 160, 189; 1845, 135, 1, 170; Annakrt, 1845, 56, 
156. A 7nodcrn adaptation of this method is described bv Quam, J . Anier. Chc7ti. Sac., 
1925, 47, 103. 

Mclsens, PhlL Alacj., 1873, [iv.], 46, 410. 
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i'vom which i]K‘ iieccssarv liydrogeii sulphide is liberated by gently 
wanning: alternatively, the material enclosed in tlie^ one arm ot tlie 
t'lihe may be lerroiis sulphide and concentrated hydrocliloric acid, troin 
wliieh the liydrogen sulphide is obtained by subsequent interaction. 
It tite c‘nipt\'*arnror tlic inverted U-tube is then sunicicntly cooled, the 
oas ]i(|ueiics‘t]uTe under its own pressure. At tlie ])rcsent day. however, 
on account cjt tlic case with which low' temperatures are obtaitiable, 
the liquetaction and solidification of hydrogen sul[diide present no dihh 
ciilties. jatssage of tlic gas into a tube cooled externally by liquid air 
being suilicient to produce the solid. 

dll elimination of sulphur from hydrogen sulpliide an equal volume 
of hvdrogen remains, which of course is evidence for the composition 
reiirmsentcd by tlic formula IIoS. Vapour density determinations also 
sliow that the gas consists of single HoS molecules, ^ a value 31*085 ^ 
having been obtained for the molecular w'eight, alter making due 
corrections to the vapour density result. In the liquid state also there 
appears to be no association of the molecules and the molecular formula 
is still KoS. 

Liquid hydrogen. suVphide is a colourless, very mobile fluid, whicli 
resembles tlie dry gas in being neutral to litmus.^ Its vapour pressure 
increases rapidly with rise of temperature, finally attaining a critical 
pressure of 88-odtmosplicTes at the critical temperature, 100*4" 

Temperature . 0^ 18*2'^ 50“ 100^ C. 

Vapour pressure . 10*25 16*95 35*56 88*7 atmosjdieres.'^ 

At its ordinary boiling-point, —60*2“ C. (760 mm.),^ the density of 
the liquid is 0*964. Tlie solidified substance forms a crystalline, suow'- 
like mass, m.pt. —83^ C., of greater density than tlie liquid. The liquid 
is more higlily refractive than water (no — 1*38 !• at 18*5'^ C.) ; ‘ the 
surface tension at —60'' C. is 25*43 dynes per cm., and tJie (lielectric 
constant 10*2 (air^l).® 

In the liquid state, as in the gaseous condition, liydrogcm suli)hidc 
consists of simple IIoS molecules. Like w'ater, it is j^ractically a Jion- 
conciuctor of electricity, its specific conductivity at about —80'" C. being 
1 xl0~^^ mlio : it is a good solvent for many substances ; it dissolves 
sulphur without combining with it; liydrogcn chloride and hvdrogen 
bromide yield solutio]is in liydrogen sulphide wliich, in contrast 
to tlieir aqueous solutions, are non-conducting. Ammonium chloride 
also yields a non-conducting solution, but alkylaminc hvdrocldorides, 

^ For a calculation of the actual molecular magnitude, sc'c E\iier Mondl.-k iSSd 
6, 249. 

- Raume and Ferrot, J. Cfdm. phij.^., 1008, 6, 610. 

^ Antony and IMagri, Gazzdin, 1905, 35, 1., 206. 

^ Dewar, Phil. Mag., 1884, [v.], 18, 210: Leduc and Saecrdotc, Ann. Ck'un. Phg.n, 
1898, [v]i.], 15, 40 : Ladenburg and ivrugel, Per., lOOO, 33, 627 ; do Forcraiid and I5)nfes- 
Diacun, Cumpt. ruid., 19u2, 134, 28J : Cardoso and Arm, J. Chun, jjlni.s., 1012, 10, 5()l ; 
Cardoso, Gazz^Ata, 1021, 51, i., 153. 

^ Olszewski, BulJ. A(y.id. Sci. Cracov.', ISOO, 57. 

^ For summaries of the physical properties of liquid hvdi-oucn sulptiide, see Cardoso 
and Arni, /yj. cit. : Mtgri, Ath JJ. Accud. Lined, 1907, [v.], 16, 5!8 ; Mdniosli ami Steelc', 
Proc. Pop. Soc., 1904, 73, 450, 454. For the heat of vaporisation, sec Elliott and McIntosh 
J. Phy-sicaJ Cditni., 1908, 12, 163. 

‘ Deehant, J/miaO/i., 1884, 5, 615 ; Bleekrode, Proc. i%. 80c., 1884, 37 330 

^ Migri, Joe. dt. ’ 

^ Ralston and AVilkinson, J. Amer. Cheni. Soc., 1928, 50, 258. 
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however, yiekl solutions which do conduct electricity^ as also do certain 
oroanic aniinoniuin salts, certain alkaloids and a nuniijcr of oxygen 
compounds. Tire behaviour of such solutions is not analogous to tlrat 
of a(iueous solutions of ordinary electrolytes, since the conductivity 
increases enormously when the concentration is increased, and is, 
therefore, probably due to the formation, between solute and solvent, 
of some additive compound of conducting power.- The halides of 
pirospliorus, arsenic and antimom^ dissolve in liquid hydrogen sulphide, 
and their solutions arc electrically conducting, the conductivity consider- 
ably inercasing with the atomic weight of the element.^ 

Iodine dissolves in liquid hydrogen sulirhide witlioiit appreciable 
cliemical change, the product being a deep red solution ; bromine, 
however, is attacked vigorously, with formation of sulphur bromide. 
Hydrogen cliloridc also dissolves to a considerable extent without 
reaction, as also do some of the halides, although there is a tendency 
{e.g. witli the chlorides of Hg', Hg", Ag' and Cu’) to “ tliiohydrolysis,” 
sufphide and hydrosulphide being formed.^ With the lialides, in general, 
solubility and tendency to reaction increase as the basicity of the positive 
radical decreases.^ Liquid hydrogen sulphide reacts vigorously with dry 
liquid sulphur dioxide,^ and more slowly with selenium dioxide, forming 
selenium, sulphur and water. Oxidising agents cause separatioii of 
sulphur. Commercial iron and copper, even after prolonged immersion,^ 
are not affected by liquid hydrogen sulphide, which may therefore be 
stored in containers made of these metals. 

Chemical Properties. — As has already been indicated (p. 48), 
hydrogen sulphide exlhbits dissociation when heated above a certain 
te]n])crature. The effect becomes appreciable near 400 C., and with 
rise in temperature the equilibrium mixture steadily contains less 
hydrogen sulphide until when near 1350° C. 50 per cent., and at 
1700° C. approximately 75 per cent., is in the form of the free elements.^ 
A silent electric discharge through the gas hastens tlie decomposition, 
as also does the radiation from radium or radium emamition.-^ Heating 
the gas by a series of electric sparks naturally induces a similar dis- 
sociation, and, as the ])roducts diffuse from the path of the sj')arks into 
a cooler region, tlie sulpiiur gradually deposits in the solid condition, 
so that the gas undergoes a slow but linally com|)lete decomposition, 
leaving an ccpual A'olume of hydrogen : 

HoS^lIo-i-S. 

1 Quani and WdUvjiison, FroC. loioci Acad. Sa,, 1()25, 32 , del. 

- AIcLiiLu.s}! and Steele, lor. cU.; Aloluto.sh and Arciiibaid, Tron-'^. Chtnb. Xor., J.904, 
85 , 1098 

Quani and Wilkinson, Loc. ciL. 

^ Ala^uri, !(jr. ni. ; Aniony and Magri, Joe. cit. 

^ Ralston and Wdlkinson, loc. cit. 

Quani, J. Ai/ier. Otcui. Soc., 192;), 47 , 103. 

' (yiani, loc. cit. ; rf. .Magri, loc. cit. ; Antony and Idagri, lor. cit. 

^ Fournier and l-litscli-Lang, Compl. rtud., 1927, 184 , 1174. 

Preuner, Zeitdch. anorg. Cdtcm., 1907, 55 , 279 , Rreuner and Scliupi), Zeil.cch. phyulkal. 
Chon.. 1909, 68 , 157. 

Rertlielot, Conipt. rtiid., 1870, 82 , 1300. 

Wourtzel, Com'pl. rad., 1913, 157 , 929. 

See also Cluzel, Ann. Chun. Phyr., 18-13, 84, 166 ; 51ycrs, Anufd.on, 1S71, 159 , 124 ; 
lAr., 1872, 5 , 259: Relabon, Compt. rerid., 1897, 124 , 35, 686 ; Rcketotl, Bor., 1S71, 4 , 
933 ; Langer and Aieycr, ibid., 1885, 18 , 135. 
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Uoiitacl iieatcd platinum filament also ])romotes the dceom-^ 

jjONiliuiiU 

d’lu- oas will not support tlic combustion of substances whicl] are 
(•(.nimoiirv termed conibiistible, but \vili itself burn readily in air or 
in o.\\n(‘m a blue llame. In the jnesencc of a relati\mly plentitul 
Mi])pf\m)i‘ air or oxyovii, a condition easily obtained by burning the gas 
at'a verv line jet/ the products of combustion are water and sulphur 
dioxide : 

2ir .S d- 80 2 = 2 H 0 O -f 2SO o. 

but unless care is taken to ensure an excess of oxygen, the combustion 
is generaily incomplete,- the foregoing jn’oducts being accompanied by 
sui])hur, whicli is produced according to the ecpiation : 

2HoS-f 02=21120+28 (see also p. S). 


A mixture of liydrogen sulphide and oxygen explodes on the applica- 
tion of a llame, no free sulpluir being formed if the proportion of oxygen 
is ccpial to or in excess of that required by the first of the two foregoing 
equations. In a closed vessel, an undried mixture of hydrogen sulphide 
witli a tcrmolecular proportion of oxygen will explode on being heated 
to 2d0' The heat of combustion of hydrogen sulphide to water and 
gaseous sulphur dioxide is 13*67 Cals, per gram-molccule.^^ 

Tlie bluisil-^’iolet layer observed against the glass surface of a Mask 
wlicn the latter is depressed on the upjDcr of a Bunsen flame 

appears to be due to the j^rcsence of hydrogen sulphide in the coal gas.^ 
As might be expected, slow fiameless combustion of hydrogen 
sulphide is possible, and the process can be accelerated by contact with 
certaiii heated solids, e.g. charcoal, iron oxide, pumice or finely divided 
platinum or palladium.'’ It is interesting that a catalytic effect of 
this type was applied to the recovery of sulphur from the '' alkali waste 
of the Leblanc soda process, so that an otherwise troublesome and un- 
pleasant waste product was not only deprived of its nuisance-creating 
cliaract eristics, but concurrently made to 3deld sulpliur of a good (pmlitx’.' 
In the Chance-Claus process the hydrogen sulphide mixed with air was 
passed through a heated porous mass of iron oxide (bog iron ore) su})- 
perted on fragments of firebrick. A process applicable to tint I’cmox al 
of hydrogen sulphide from crude coal gas employs activated cliarcoal 
in a similar manner ; in this case the gases can be passed througli the 
material at a liigh A elocity and emerge from the filters com])ieter\' free* 
from h}vlrooen sulpjiide,^ whilst pure sulphur results from the oxidaiioii. 

Dry liydrogen sulphide is stable in the air at ordinary temperatures, 
but when moist it undergoes oxidation,^ the rate being es])e(*iallv 


^ Taylor and Pickett, J. Fhysical Chtm., 1927, 31, 1212. 

- Pedler, Tran-<. Clitju. Foe., 1890, 57, 625. 

^ Preyer and 5Jeyer, Zeifsch. pJuj.sihil. Chem.., 1893, ii, 31. 

‘ Thomicn, TIlu mochoudc^dit UrUersucfiunneii, 1882. 

" Joliansen, Zciioch. iciss. Fholochern., 1912, ii, 20. PAr nieasiiremonts of fiannc' : 
01 mixtures buj'ni- in a horizontal tube, see Chamberlin and Clarke Fnd 

CJum., 1028, 20, iOlG. « Pnla, Ann. Chi;n. Fhy^., 1840. 74, 33 

* Pee Lunge, SuIjAunc Acid and AJhdi, 3rcl ed. (1909), vol. 11., pp. 945 r-/ ,vcry. {0 
and Jackson) ; Lunge and Gumming, Mamijacturc of Acids and Alkalts (1923) v 
p. 142 (Gurney and Jackson). 

* See K. Evaiie. I’carson and Reisemann, Chtm. Trade J., 19“’!) 85 568 

» Dumas, Aun. Chim. Phjs., 1846, [in.], 18, 502; Deville, Ceikd rend., 185 
2ol. ' ^ 
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appreciaUIc il’ the temperature is raised a little, e.g. to 70^-80^ C. 
Aaiicous solutions of tlie gas undergo a similar atmospheric oxidation, 
causing tlie well-knowji deposit ofsiilpliur in '' hydrogen sulphide water,” 
and at tlie same time acquire traces of sulpliuric acid.^ Exposure to 
liglit facilitates oxidation of both gas and solution. In solution oxida- 
tion is accelerated by tlie presence of finely divided nickel.- 

Eor the preservation of liydrogen sulphide solutions a covering layer 
of parahin oil or the addition of such substances as sugar, glycerol or 
salicvlic acid has been suggested ; ^ in the case of the latter substances 
it is possible that their '' negative catalytic effect ” may be due to tlieir 
rendering inactive traces of some otherwise powerful catalvst (compare 
p. 124). ^ 

On account of its teiidenc}^ to oxidation, hydrogen sulphide is 
frequently employed as a reducing agent in organic chemistry. In the 
case of solutions in 7v -hydrochloric acid the oxiclation is catalytically 
accelerated by a mixture of manganese and iron.*^ 

With oxidising agents other than free oxygen, liydrogen sulphide 
yields sulphur or sulphuric acid, according to the conditions. Concen- 
trated sulphuric acid oxidises the gas to free sulphur (see also p. 170), 
being itself reduced to sulphur dioxide ; ^ sulphur dioxide also effects 
oxidation to sulphur (see p. 115) ; hydrogen peroxide solution causes 
gradual oxidation to sulphur, but in the presence of alkalis oxidation 
proceeds further, to the formation of sulphate.'^ 

If the gas is passed over sodium peroxide, a violent reaction occurs 
both in the presence and the absence of air. If the peroxide is previously 
heated, the reaction is accompanied by llame, and if excess of air is 
present a loud detonation is produced. In the absence of air the 
products consist of sulphide and polysulphide of sodium, together with 
a small amount of thiosulphate and sulpha.te ; in the presence of air 
very little sulpiiide is formed, sodium sulphate and free sulphur being 
obtained." 

Ozone causes [lartial conversion of acpieous hydrogen sulphide to 
sulphuric acid, sulpliur being simultaneously ]iroduced.® With nitric 
acid the oxidation is very vigorous and with the fuming acid may be 
explosive, the jiroduct being suljdiuric acid ; ^ liydrogen sulphide will 
burn in nitric acid vapour.^'’ The fact that carbon dioxide apjiears to 
liberate sulpliur from hydrogen sulphide at a red. heat may not be due 
to direct oxidation but to jircvious thermal dissociation into sulphur 
and liydrogen, the latter subsequently being converted into water, whilst 
the carbon dioxide is reduced to monoxide.'^ Hydrogen sulphide 
reacts with nitric oxide to form sulphur, nitrogen and ivater, especially 

^ Vaugudiii, J . Fliarm. Chini., 1825, ii, 126 ; rilliol, Ok'uii. Fkij.'i., 1873, [iv.], 

28, 529. 

- Krebs, BLneh-w.. Zeifsch., 1929, 204, 343. 

Lcjpage, J. riiar/fi. Cfum., 1867, [iv.], 5, 256 ; Alolir, Zeitsch. Chtm., 1802, 8, 1 13; 
Sliilton, Chera. Naivs, 1889, 60, 235. 

^ Krebs, loc. a.i. 

^ Gcurhor, Annaloi, 1858, 109, 71. 

Classen and Laiier, Chtai. Sews, 1883, 47, 288 ; Bcr. 1883, 16, 1002. 

‘ Zenghelis and Horscli, Oonipt. raad., 1916, 163, 17, 440. 

® Brcscaani, Ann. Chun. ApjAicdUi, 1915, 4, 343. 

^ Kessel, Bar., 1879, 12, 2305 ; Kemper, Annalen, 1857, 102, 342. 

Austen, Anier. Cham. J., 1889, ii, 172 ; Chon. Neivd, 1899, 59, 208. 

Kohler, Bar., 1878, ii, 205; Meyer and Schuster, ibid., 1911, 44, 1931 ; Gautier, 
Cornjjt. rend., 1906, 143, 7 ; Costeanu, ibid., 1913, 156, 1985. 
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in the presence of catalysts sucli as silica gel (alone or impregnated witli 
ferric oxide) or glass wool : 

•illoS +2X0 +X. -r ^l-LO ; 

no trace of nitrous oxide or animoiiiuin SLilpiiidc is formedU The 
reaction, however, appears to be more complex than is indicated in the 
equation, and it has l)ecn suggested that the nitric oxide first forms 
condensed molecules, X^Oo, which are adsorbed by tlie catalyst and 
bring about the oxidation. itli nitrous acid solution, hvdrogen 
sulphide produces nitric and nitrous oxides when the nitrous acid is in 
excess, but ammonia and hydroxylamine wlicn the hydrogen sulpliide 
is in excess ; “ free sulphur and even a little sulphuric acid are ]moduccd. 

Aqueous solutions of alkali chromates yield with hydrogen sulphide 
a precipitate of chromium hydroxide contaminated with sulphur, whilst 
alkali sulphide, polysulphide, thiosulphate and colloidal sulphur remain 
in the solution.^ 

Chlorine and bromine liberate sulphur from gaseous hydrogen 
sulphide, the reaction being cajxrble of going further in aqueous solu- 
tion, because under these conditions the sulphur may be oxidised to 
sulphuric acid.^ With iodine, appreciable reaction occurs only in 
aqueous solution, and even then the chemical change may not be 
complete, ceasing when the hydriodic acid attains a concentration of 
approximately 25 per cent, in the solution. Fluorine attacks gaseous 
hydrogen sulphide so violently as to cause spontaneous inflammation.^ 

HoS--Cl, = 2lICl--S. 
s - 3C1 o -- 1 11 od = ir ,so , w 0 l ie I, 
iws-i-i; ^Rin-i-s. 

Under considerably increased pressure, or wlicn strongly cooled, 
hydrogen sulphide and water can combine to form a crystalline com- 
pound of which the composition is probably l[oS.OlIoC) : il‘ tlie tem- 
perature and pressure are allowed to rc\'ert to tlie Jiormal conditio}is, 
the crystals at once dissociate into the constituent substances.'’ An addi- 
tive compound of methyl ether and hydrogen sulpliide, (ClI + .,0 JI.^S 
melting at — 148-5~ C., is also capable of existence at low tempera- 
tures + altliough the nature of this comjiound may be allied to that 
of the additive compound with water, it ai)[)ears more probable that the 
methyl ether compound is an oxonium salt. 

Hydrogen sulphide appears to be able to play, in a feeble manner, 
a role analogous to that ol Aiatcr in compounds containing so-called 


^ Fierce, J. Physical Cherti., 1929, 33 , 22 . 

- Bagster, J. Chem. Soc., 192S, i^. 2631 ; Divers, Travs. Chun. Sac., 1SS7, 51 48. 

^ Dunniclitr and Soiii, J. Physical Chun., 1!)29. 33 , SI. ’ ’ 

Mtose,A;er.P//?/.v.67^,enz.,lS39.[ij.],4^ Xaumann, .BVo, 1 876, 9 OWd- BerUieiot 
Compt. rtnd., 1873, 76 , 746 ; 1878, 87 , 667. 

_ Hoissan, Aini. Chini Phijs., 1891, [vi.l, 24 , 224. For an account of action of 

iodine tnehionde on hydrogen sulphide, sec Haelvor, CPc,/r AVar.s' 19()-> 86 1 ■ind of 

iodic acid in the presence ot hydrochloric acid, see Dean, J. Amen. \:hun] Par. 191,-) 07 
1134. ’ ’ o/? 

.. ‘C J- orci-a.nl, Conijd. 1882, 

U’ U’ U’ ^ ‘ ’ ^35: or.il, ).‘U4 ; Caillctet ami ■l-Jordct. 

iL ly-,9S, t>0; 8 cneitei- and Meijcr, Vcrslag. Ahad. \Vcl,.,.dt. Am,ltrda,>i, 1919, 27 , 

Sohed-cr, Pmc. Akad. We,eJ. 

' Baunie and Perrot, Conipt. rend., 1911, 152 , 1763. 
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“ water of crystallisation “ ; thus, aluniiiuum bromide in. a fused con- 
dition or dissolved in carbon disulphide absor})s gaseous hydrogen 
sul])liide with formation of a colourless crystalline compound, AlEr 3 . 

which ]nelts at C. and is decomposed by water with liberation 
of hydrogen sulphidcU Boron trichloride reacts with li(]uid hydrogen 
sulphide, forming - white crystals of composition ECl. 3 . 12 l-I^S. 

Hijdrogen Sulphide as an Acid. — In the anhydrous condition, 
wii ether as gas or liquid, hydrogen sulphide has no acidic properties. 
iVlien moist or in aqueous solution, however, it behaves as a feeble 
aeid, whence the occasional name “ hydrosulphuric acid.'’ For the 
characteristic test with lead acetate paper or for the reddeiiing of litmus 
paper, the presenee of at least a little moisture is essential.^ 

iiith ammonia, the gas combines to form ammonium sulphide or 
ammonium hydrosulphide, according to the relative quantities of the 
rcagentsd The alkaloids, wiiich may be regarded as organic derivatives 
of ammonia, also combine with hydrogen sulpliide, forming crystalline 
salts ; such salts of cinchonine, quinine, strychnine, brucine and nicotine 
have been knowm for many years. ^ When heated in the gas, the alkali 
metals yield the acid sulphides : 

2 K -f- 211 oS = 2 KSH d- H 

wiiich can also be obtained by the action of excess of the gas on solutions 
of the hydroxides/' or of the metals in absolute alcohol.’^ 

Tin, wiien heated in the gas, undergoes conversion into stannous 
sulphide without the gaseous volume being permanently altered thereby : 

Snd-K.S=:SnS-hH... 

Many other metals yield sulphides if treated with gaseous hydrogen 
sulphide under suitable conditions : ® thus mercury, silver and copper 
fail to react with dry hydrogen sulphide,^ but if the gas be moist, and 
especially if oxygen or air also be ]Dresent, the metals react readily, 
with formation of the corresponding sul):)liide, wiiilst in the [wcsencc 
of oxygen tiic hydrogen is oxidised to waiter; the reactio)! for co])per 
is represented by tlie equation : 

4CuJ-2HoS-rOo-2Cu,Sd-2HoO. 

Boron and silicon likewise decompose liydrogen sulpliide at high tem- 
peratures, liberating hydrogen and forming sulphides. 

The oxides of many metals, if heated in a stream of the gas, become 

^ Plotnikov, J. Phj/s. OJitm. Sac., 1913, 45, 11G2. 

- Ralston and Wilkinson, J. A /tier. Chem. Soc., 1928, 50, 258. 

^ liiighcs, Phil. Mag., 1892, pn], 33, 471. 

Magnusson, J. Physical Chem., 1907, ii, 21 ; Thomas and Ridina', J. Chfm >SVr 
1923,123,1181. 

Schmidt, Pull. Sac. rliPn., 1870, 26, 218. 

d dePororand, Coaipi. rend.. 189i), 128, 1.119; Thotimcn, Ber., 1870, 3, 192; 1872 s 
233; Kolbe, J. praL't. Chcni., 1871, [ li.J, 4, 412. 

' Rule, Trann. Cfiani. Sue., 1911, 99, 558. 

s See Jellinek and Zakowski {Zedtsch. anorg. Cheni., 1925, 142, 1) on the arlinitv of the 
metals lor sulphur, and in\ estigation of the equilibrium MS — .H, 

^ Hughe-s, luc. cit. ; Cardoso and Arm, J . CMm. jAiijn., 1912, ho, 504. 

^0 Merz and AVeith, Zeltsch. Cheni., 1809, 12, 241 ; Rerthclot, hcr.l 1879, 12, 397 • Con/nt 
rend., 1879, 89, 684. ’ ’ ^ ‘ 

Sabatier, Bull. Soc. cJiirn., 1882, [ii.], 38, 153 ; Lorenz, Ber., 1891, 24, 1501. 
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converted into the corresponding sui])hides, sometimes with simultaneous 
formation of sulphur dioxide if tJie reaction becomes vigorousU With 
peroxides and dioxides the licat oi the reaction may be so great as to 
cause tlie mass to become incandescent. 

Metallic hvdroxidcs, on account of their more decidedly alkaline 
cliaracter, generally react move readily than the corres])()nding oxides/^ 
and a mixture of soda-lime, if submitted to the action ol a current 
of hydrogen sulphide mixed with air, becomes white hot."* 

• On account of the ieeble acidity of hydrogen sulphide, the alkali 
carbonates in aqueous solution are decomposed only as far as the 
hydrogen carbonates, an equilibrium being attained : ** 

Na,C 03 +H.S=NaSH+NaI-IC 0 ,, 

Xa.HC 03 -rH,S XaSlid-H 2 C 03 . 

In agreement with the relative reactivities of the alkali hydroxides 
and carbonates towards hydrogen sulphide, it has been observed that 
the blackening of basic lead carbonate by the gas is due to the con- 
version into sulphide of the lead hydroxide only and not of the carbonate.^ 

An aqueous solution of hydrogen sulphide is only feebly acidic, the 
dissolved substance being only partly ionised ; the ions present consist 
almost entirely of H‘ and SH', from the dissociation : 

and very few S'' ions are present as a result of further dissociation of 
the hydrosulphide ionU 

Physiological Action. — If breathed into the lungs liydrogen sul- 
phide has an exceedingly poisonous action, air containing as little as 
0-1 per cent, being capable in time of producing a iatai effect.^ Its 
action is believed to be due to tiie formation oi’ sodium sulpliide in the 
blood, wdiidi then aitects tlie nerve centres." in cons id era! )ly more 
dilute condition than 0*1 per cent, it will ])roduce sickness and licad- 
ache.^o Poisoning by absorption of the gas through t.hc skin or iuucous 
membrane is apparently not possible. On account oi’ the liarmful 
action of the gas, many devices have been suggested I’or the precipita- 
tion of sulphides in analytical processes without liberating the liydrogen 


^ Schumann, Ajtfialen, 1877, 187, :286 : Ldtlger, J. praht. Crunt., .I8()7, 103, 808; 
Thomsen, ibid., 1S79, [ii.], 19, 17; Rcrtliclol, Compt. r(nd., ]874, 78, 11.76; Gnutim-’ 
Cohipi.itu'L, 1906, 143, 7. 

- Rottger, loc. cif. ; Zenghdis and Hor.sch, Contpl, rend., 1016, 163, -!90. 

^ Kirseher, Aiinuh n, 1839, 31, 339. 

Guareschi, Atti R. Accad. Ad. Torino, 19J0, 51, 4, 69, ‘dl. 

^ Berl and RiUener, Zciisch. angen'. Cktnt., 1907, 20, 1637. 

Sacher, Cliein. Zeit., 1910, 34, 647. 

' Prytz, Ann. Rhys. CJmn., 1882, [u].], 17 , 875 ; Osiwald, J. prak/. Chrm., 1885 [ii 1 

32,307; Smith, J. Chem. .S'oe., 1922, 44, 1500. ^ ’ 

s Lehmann, Ber., 1888, 21, 67; Arch. IJygic.nt, 1S!>2, 14, ,1.35; W'jlson, Amcr. J. 
Rharm., 1894, 65, 12 ; Cherii. Ntics, 1894, 69, 159. 

^ RsAimsU, ZeitscJi.phy.sioI:Cheni.,m^^^ Pold, LV/'., J 887, 20 595- 1‘lvron 

ibid., 1SS7, 20, 295. ' ^ ^ a ■ ^ 

Habermann, Kiilka and Homma, Zeidch. anal. Chcni., 1011, 50, 1. 

Chauvean and Tissot, Conipi. rend., 1901, 133, 137. 

Sec, for e-Kample. Donath, Clem. ZdL, 1908,32, 0^9: Alvai-oz, Annl. Hoc Onim 
Argtpina.Vm, i, 122, 223 ; Orlowsky, Bcr., 1883, l6, 807 ; SebiO and Taruai, i/a>/.,'lS94 

d.n ; Sdneeiz. AjMh. ZUj., 1919, 57 , 140 ; Vortniami, 

Boll. bci. iten., o, \o. 5 ; Giorn. Chirn. Ind. Appl., 1921, 3, 5G5. 
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sulphide in the gaseous condition, for examjHe. the use of an alkali 
sulphide. 

T'he Aletallic Sulphides. 

Formation. — Various methods are available for the preparation of 
the sulphides of tlie metals ; only a few of the more general are here 
mentioned, details of other methods being obtainable under the head- 
ings of the respective metals in other volumes of this series. 

{a) Direct combination of the metal and sulpliur can generally be 
effected,^ sometimes even at the ordinary temperature. This process 
is of especial advantage for the preparation of sulphides wliich are 
decomposed by water, e.g. aluminium sulphide (see also p. 88). Finely 
divided mixtures of zinc and sulpliur may be exploded by sliock, heat 
or friction. - 

[h) The metal may be heated in a current of hydrogen sulphide gas. 
As a rule this method will have the disadvantage relative to method 
{a) that the necessity to effect the displacement of hydrogen will 
render the reaction more dirticult. especially with the less electro- 
positive metals. 

(c) The metallic oxide, either alone or mixed with charcoal, may be 
heated in a, stream of carbon disulphide vapour or merely with carbon 
disulphide under jircssure, e.g. at 250° C, This process shares witli 
method {a) the advantage of being com-eniently applicable to the 
}3roduction of sulphides which arc decomposed by w^atcr. 

(d) Salts of the metal with oiie of tlie sulphur oxyacids, e.g. a 
sulphate, sulpliitc or thiosulphate, may be reduced to the corres])on(iing 
sulphide by heating with some suitable reducing agent such as char- 
coal, hydrogen or sulphur.^ This method is commonly employed as 
a stage in the conversion of the mineral barium sulphate into other 
barium salts, reduction with charcoal first yielding the more reactive 
sulphide." 

{e) In the case of many metals the sul])hides can ])c formed by 
])recipitation from acpieous salt solutions.*' The extensive use of hydro- 
gen sulphide as a reagent in qualitatiA'c analysis depends, of course, 
on the different conditions nee.essary for tlie formation of tlie Auirious 
suljihides. Some sulphides, e.g. antimony sulphidcu can be (quanti- 
tatively precijiitatcd from solutions whicli are fairly strongly acidic, 
vrhcrcas in otlier eases the qirescncc of acid leads to the setting up of 
an equilibrium : tims, lead sulqihide is prcciq)itatcd only partially in a 

^ Franck, /P//g Soc. (•hini., 1897, [ili.j, 17 , 504 ; Spring, Btr.. 1888, 16 , 009 ; 188-1, 17 , 
1218; Schwarz, ibid., J882, 15 , 2505 ; Fonzi'S- Diacon, Compt. rend., lOOO, 130 , 1814; 
Thomsen, J. pra/a. Chcni., 1870, [ 11 . |, 19 , 11 ; Scliumann, A-n.niilcti, 1877. 187 , 286; 
Oi’low.ski, J . liii-^s. PJiys. ('dxui. Hoc,., J881, I, 547; B(i'., 1 88.1, 14 , 2828; Schiiriiiann, 
Atuvden, 1888, 249 , 826; Ber., 1880, 22 , 120; Danneel and Frohhcli, Zcil.^idi. aiujeic. 
Chc.ru., 1027, 40 , 800. 

“ Coustal and Prener, Conipl. rr-nd., 1020, 188 , 708 ; Prevet, ifyid., p. 008. 

^ de Koninck, Ber., 1887, 20 , 897. Sec also Budnikov a,nd Shilov, J. Soc. CJinrii. Ind., 
1928. 47 , 111 T; Bassett, A//u-rir(i;i. Bafenf, 1722170 (1920); Brlth^h Chon. Abe., 1020, 
B, 818. 

See under Barinm, this sc]*ies, \hjl. 111., Part 1., 1925, p. 224. 

Cooke, CJicni. Aden, 1878, 28 , 64; DcilTs, 7 h/‘., 1870, 12 , 2182; l)ed(‘ and Bonin, 
ibid., 1922, 55? L’b' -827. See also llacki, Chcni. Zed., 102-1, zj 8 , 826 ; Piccard and Thomas, 
HeJv. Chhn. Aicta, 1028, 6 , 1046. 

Berthclot, CurnpL. rend., 1874, 78 , 1178, 1247 ; Lindci’ and Picton, Chein-. Abeirs, 1800, 
61 , 200 ; Trans. Chon. Sac.. 1802. 61 , 1 14 ; Bruner and Zawadski. Bid!.. Acad. Sci. Cracow, 
1000, 267. 
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solution containing 5 per cent, of hydrogen chloride, whilst ferrous 
sulphate solution yields ferrous sulphide only in the presence of sodium 
acetate or ammonium acetate, which removes the sulpliuric acid as fast 
as it is lihcTatecI : 

PhCl.+IldS ^PbSH-2HCL 
FeSO;+H:S ^ FeS-fHoSO,, 

HoS0.^+2XaCJ-l302=2C2H302.I-I~Xa2S0i. 

The ])rcsence of alkali and alkaline earth chlorides may also liinder 
precipitation of the sulphide ; thus, from a O-OOl molar solution of 
lead chloride in water at 20 ° C., precipitation is com]detely inhibited 
by hydrogen chloride alone if in a concentration of l-dX, and by 
decreasing concentrations of the acid in the presence of increasing 
quantities of calcium, ammonium or potassium cliloride. Cadmium 
sulphide, precipitated from liydrochloric acid solution, contains adsorbed 
clilorineA the amount depending on the conditions of t'le precipitation ; 
tlie precipitation is incomplete at 80 ° C. 

By using alcoholic benzene solutions of the alkali alcoliolates it lias 
been found possible to precipitate the corresponding alkali hydrogen 
sul])hides by hydrogen suljihide.'^ 

( /■) Electrolysis of a solution of an alkali sulphide with an anode 
consisting of a metal such as copper, cadmium or silver will lead to the 
conversion of the anodic metal into sulphide.'^ 

Properties. — In aqueous solution the normal sulpliides of the alkali 
metals are \'cry largely hydrolysed into the corresponding hydro- 
sulphides, so that the solutions react strongly alkaline on account of 
the liberated alkali hydroxide : 

XaoS - H.O XaSH -XaGH. 

Electrolysis of such solutions with platinum electrodes and with low 
current densities yields polysulphides ; with higher current densities 
sul])hates and dithionates arc formed.'”^ 

The solutions undergo oxidation on exposure to air, sulj)]iur first 
being liberated and then polysulphides formed, which in turn are 
oxidised to thiosulphates. The rate of this oxidation is greatly accelerated 
by the presence of small quantities of certain of the heavy metals, 
particularly manganese and nickel.^ 

Solutions of the alkali sulphides give a deep violet to pur|)le colora- 
tion with a solution of sodium Jiitrc^prusside, and as mentioned on ]). i;3, 
this may be used as a test for sulphides. By the intcractiem of the 
nitro])russide with the sulphides of lithium, sodium, 'potassium and 
rubidium, stable crystalline compounds of the ty]:)c nL 5 [I'e(CX)->T.)S | 
have been obtained. From elcctrotitrimetric evidence the reaction 
appears to proceed in two stages : ' 

1 Weiscr and Durham, J. Physiad Chem., 1928, 32, 1001 : cf. Eo-erlou and RaJm-h 
Tran^. CJiem. Soc., 192:3, 123, 3019. ’ ^ ^ 

- Rule, Tran.^. Chr-m. Soc., 1911, 99 , doS ; 1913, 103 , 871. 

^ Lorenz, Zf^Uch. awn}. Chew., 1896, 12 , 442. For an (dectrolvlie meOiod foi' anti- 
mony sulplnde, see Toeeo, Gazzeilff. 1924, 54 , 23. 

‘ de Clermont and Frommel, Comp/, nnd., 1878, 86 , 828; 87 , 330 ; A/; a. ('hini. 

1879, [v.l, 18 , 189; BUhamp, Co/ap/. 1868, 67 , 825 ; Knox. Zf-iCr},'. Kh hirorhun' 

HH) 6 , p 477 •’ an/XT, J. P/fy,,w,/ eVirw.. 1 !) 2 S. ? 2 , 1 787^ 

Krebs, Liochan. Ztiisch., 1929, 204 , 343 . 

■ Scagliarini and IVatesi, Alti R. Accad. Lined, 1928, [vi. ], 8 , 75 . 
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All the other normal sulphides arc insoluble in water or are de- 
coin])osed by it. The sulphides of the alkaline earth metals are spar- 
ingly soluble but, like the alkali sulphides, undergo hydrolysis to the 
corresponding hydrosulphides : 

2CaS-f2H20=Ca(SI-I).ACa(0ir),. 

These hydrosulphides of the alkaline eartii metals are soluble in 
water and tliercfore, by treating an emulsion of tlie iiormal sulphides 
with a current of hydrogen sulphide, it is possible to obtain solutions 
of the hydrosulphides ^ Ca(SH),. Sr(SI-I),, Ba(SH)., and Mg(SII) 2 . 

A remarkable property of the sulphides of the alkaline earth metals 
and of beryllium and zinc is their power, when certain impurities are 
present, to exhibit phosphorescence after exposure to bright light. The 
phenomenon is not due to slow oxidation and is still observable in 
sam])les which have been kept hermetically sealed for years ; it is 
obvious, therefore, that tlie effect is a j^liysical one and not analogous 
to the ])hosphoresccnce observadde with sulphur (p. :tT). The nature 
and amount of impurity prescJit considerably affect the phosphorescence, 
chlorides for example causing an increase : some impurities inliibit the 
action.^ 

The sulphides of alunTinium and silicon are decomposed immediately 
by water at the ordinary temperature, whilst c\'en the sul])hidcs of the 
hea\’icr metals sucli as copper, lead and iron are dccom|)oscd by steam 
at a red heat ^ (see also ]). 50) : 

AUS3-6H,0-2A1(0H),-~3H,S. 

Some sul])hi(le^. such gs legcl sulphide or iron pmhtes; which arc not 
dccom]V)scd by hydrocihoric acid alone, .yield their sulphur as hydrogen 
suljdiide wlien metallic zinc is also ])rcsent, the nascent hydrogeii effect- 
ing the desired result.'^ Hydrogen sul])hide is also formed when iron 
])yrites is heated with coal, or in a stream of dry or moist hydrogen or 
moist carbon dioxide.'’' 


^ BcrihcloL, Coiiipt. rend., 1S7], 73 , lOSr. See also Linder and Pieton, Trans. Che'ni. 
Toe., 189”2, 61 , 114 ; Riesent'eld and Feld, Zcilsck. (iiu>r<j. Cdicm.., 1921, 116 . 213. 

“ Le Roux, Co/!tpf. rend., 1905, 140 , 84, 239 : Henry, ibid., 189(1, 122 , 662 ; Luniierc 
and Liitniere, ihid., 1899, 125 , 549; Pjctet, ibid., 1894, 119 , 527 : Lenard, Onnes and 
Pauli, Fr(jc. K. Abid. Wefejisch. Antstcrdnrn, 1909, 12 , 157 ; X'anino and othci’s, J. praht. 
Chan., 1905, [ii.], 71 , 106 ; 1906, [ 11 .], 73 , 446 ; 1909, jii.], 80 , 69 ; Breteau, CornjA. rend., 
1915, 161 , 732; MacDoiinall, Stewart and Wrinht, Trans. Chrrn. Sue. 1917, iii, 663: 
Thonuisehek, Ann. PhysA, 1921, Uv.'l, 65 , 189 ; Lenard, i.hid., 1923, [iv. j, 68 , 553 ; Smith, 
J. Arner. Chern. Toe., 1922. 44 , 15(70; Tiede^ and Piehter, JJ,'r.. 1922, 55 , f B !, 69 ; Tiede 
and Goldschmidt, ibid.. 1929, 62 , [BJ, 758 ; Pi'cvet, Conijd. rend., 1929, 188 , 903 ; Coustal 
and Prevet, iijid., p. 703. 

^ Bepnaulr, G.aa. Clmn. Pltys., 1836, 62 , 374; Sehiiinann, Annalcn, 1877, 187 , 2S6 ; 
Gautier, Conrpt. rend., 1906, 142 , 1465. 

" Casamajor, Chan.. dSews, 1881, 44 , 44; Skey, Chan. Neirs, 1873, 27 , 161. 

Drakeley, Trans. Chein. Toe.., 1917, III, 853. 



64 : 


SULPHUR, SELEXIUH, AXD TELLURILUL 

Cobaltons, nickeloiis and zinc ^ siupliklcs when spread on a lead 
plate and subjected to cathodic polarisation in aqueous suljdiuric acid, 
suffer reduction, some of tlie metal passing into solution and hydrogen 
sulphide beina liberated U 

The sulphides of the heavier metals are cluiracteriscd by their pro- 
nounced colours, insolubility and ability under certain conditions to 
carry down, when precipitated, normally soluble ,sul]3hides of otlier 
metals. The freshly precipitated sulphides differ somewiiat in solu- 
bility from those which have '‘aged'’ for some time: tlicy are also 
capable of forming double salts, sucli as 2irgS.irgCh. FcS.XiS, T1 oS.2CuS. 
Cadmium and manganese sulphides, precipitated together by means of 
ammonium sulphide, yield the compound 2:UnS.3CdS.^ Mercuric 
sulphide, precipitated from acid solutions containing zinc or cadmium, 
always carries" down considerable amounts of the latter metals, and 
the ordinary use of liyclrogen sulphide in qualitative analysis fails to 
effect a complete separation of mercury from zinc and cadmium, or, 
for similar reasons, of tin from cobalt. Examples of solubility changes 
are as follows: nickel sulphide is insoluble in 10 per cent, hydrogen 
chloride solution, but when co-prccipitatcd with lead suljdiidc it is 
appreciably soluble: manganese snijhiide is readily soluble in acetic 
acid, but digestion with acetic acid of a co-precipitated niixtiire of 
manganese and zinc sulpindcs iea.ves a residue of zinc sulpludc wliieli 
may' contain up to 2-t per cent, of manganese.- The addition of a 
littie hydrogen peroxide aids solution of mercuric sulpliide in dilute 
Imdrocliloric acid, and of nickel and cobalt su][)hi(lcs in dilute acetic 
acid.^ 

The stability of the sulphides other tluiii those ol* tlic alkali metals, 
the alkaline earth metals and alumininm. ranges iroin that of manganese 
sulphide, which is easily decomposed by dilute acids and slosvdy bv 
ordinary steam, to that of mercuric sulphide or moiybdcumm sul])iiidc. 
which resist the action of concentrated Iiydrocliloric acid soliitiom 

It will he noticed that, as a general rnic, the more basic the cliaractcr 
of a metal the more stable is its sulpludc towards oxidation ; an analogv 
therefore appears to exist between the runctiou oi' sulpimr in a su]})l\i(l'e 
and oxygen in an oxide. Tliis analogy extends, in a less markcvi manner, 
to the behaviour c-F the corres]X)ndi ng sulphides and oxides towards 
alivalis. Just as carbon cdcxLCic, arsemous oxide and the* antimonv' 
oxides lend tliemselves to salt formation with alkalis, so ea-rbon di- 
sulphide, arsenious sulpliide and the antimony suipiiides can eomhine 
vith tlie alkali siiij'niucs, giving rise to snhilmr coinpomids [fl/lo-snifs) 
of analogous composition.^ Indeed, on treatmcuit wit.b an. alkali, such 
a sulphide generally produces a mixture of Mie eorre^spouding oxy-salt 
and tlie thio-salt. These suipiiides can liierelbro ix' rcgari h-d as tluo- 
anhydrides.” From the similarity in beliaviour. it is proliafok^ that the 
sulphides arc structurally analogous to tlie eorri'spoudnig oxidc's. 

J Fjsclibeck and Eiiiecke, Zeiisch. anorn. Chf-tn., J.U:2S, 175, :M I. 

- xeigi, Zcifscli. anal. Chtr/i., ]!)2d, 65, ,* ^cdionnga., \Vi (‘L'hhal , l!)].S, 55, 

4bl. Foi tlie mteoTCiion of solid silvc'r and cupr’ous sulpliidc's ollaa- .solid sails .sca* 

Tnbandr and Reinliold. ZeUscU jJujnihd. Choui., m:>U, 140, 20] . 

.Tvoniarovsky, Zo/.'-e/i. nfiol. CfiO/;., 1027, 72, 202. 

J Roying. Zm^cd. anal. C/a:n>., 10(12, 41/1 ; 'stanek, Zclf.-rh. (1,< ,,1 , ! SOS 17 

11/p A\cmlancl and Rnrnpf, 1806, 29, 1008; Zcilsrh. o.nnv/. OVn/a., 18i)7, 14, ’-12, 
-iOLSsan, Cmiivt raul, 1880. 90, 817 ; HcLaiic-hlan, />>■ , lonj, 34, 2166. Sec also under 
tlie respective elements in other volumes ot this series. 
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The sulphides of the heavy metals may readily be desulphurised by 
ignition with aluminium ; ^ even zinc sulphide, to which is attributed 
a higher heat of formation than to the equivalent amount of aluminium 
sulphide, may be thus reduced.^ 

The crystal structures of certain metallic sulphides have been 
investigated. 2 

Defection and Estiniation of Hydrogen Sulphide. 

If A'en when only small quantities are present in a gaseous mixture 
or in aqueous solution, free hydrogen sulphide can be detected readil}^ 
])v its odour (a concentration of 1 in 700,000 is detectable), by its effect 
on pUjOer moistened with lead acetate solution ^ and by the methylene 
Idue reaction,^ The last test, by which it is possible to detect less 
than one milligramme of the substance in 40 litres of vvater, is applied 
by adding to the solution (obtained, if necessary, by bubbling the 
sus]^ectcd gas through water) one-fiftieth of its volume of concentrated 
hydrochloric acid, a very little ^^-aminodimethylanilinc sulphate, and 
then two or three drops of dilute ferric chloride solution : in the presence 
of hydrogen sulphide the liquid becomes coloured, from the formation 
of Methylene Blue, an organic dye containing sulphur.^ In the presence 
of alkali, hydrogen sulphide reacts with a dilute solution of sodium 
nitroprusside to give an intense purple coloration. In the presence of a 
sulphide (soluble or insoluble), sodium azide and iodine react in solution 
with vigorous evolution of nitrogen,^ 

2XaX 3 ^ 1 0 = 2X al - 3X5, 

and the reaction is claimed to be more sensitive as a test Ibr sulphide 
than any of the tests already mentioned : thiosulphates, tri-, tetra- 
and penta-thionates also catalyse the reaction, however.^ but not 
dithionates, sulphites, selenides. telluridcs, arsenides or aiitimonides, 
nor does free sulphur. The test is useful in detecting sul])liidcs h\ 
minerals and hydrogen sulphide in natural waters. Otlier tests which 
are less satisfactory are based on the blackening of metallic silver and 
on the reduction of weak iodine solution (plus starch) or of potassium 
ferricyanide in the presence of ferric chloride ; in the former case the 
blue colour of the solution is bleached, whilst in the latter the solution 
becomes coloured with I^russian Blue. 

When present in considerable quantity in a gaseous mixture, 
hydrogen sulphide can be estimated by the increase in weight of suitable 
absorption tubes, containing, for example, moist granulated salts of 
lead or copper.^ ^lore convenient, however, is the oxidation of the gas 
to sulphuric acid by ])assagc through bromine water or other suitable 

^ Parravano and Agostini, Gazzetta, 1919, 49, i., 103. 

- See Huggins, PJiys. Bevieiv, 1923, 21, 21 1 ; Uavey, ibid., p. 213 ; Kolkmeijcr, Bijvoet 
and Karssen, Proc. K. Ahtd. Wfdensch. Aiasterdaia, 1924, 27, 390 ; Rec. Trav. cliim., 
1924, 43, 894. 

^ Schneider, ZeitscJi. anal. Chera., 1883, 22, 81 ; Wilmct, Compt. reiid., J927, 184, 287. 

Caro and Fischer, Per., 1883, 16, 2234 ; Zeitsch. anal. Chan., 1884, 23, 226. 

For the application of this reaction as a colorimetric method for the estimation of 
hydrogen sulphide, see Mecklenburg and Rosenkranzer, Zeitsch. an.orcj. Chtifi., 1914, 86, 
143 ; also Bach, Gas- u. Wasserjach, 1929, 72, 154. 

^ Feigl, Zeitsch. anal. Chan., 1928, 74, 369. 

' Metz, ibid., 1929, 76, 347. 

® Fresenius, ibid., 1B71, 10, 75 ; Ludwig, Annalen, 1872, 162, 55. 
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oyidisino- a-eiit.. wlica the quantity of sulphuric acid may subsequently 
he (Utcrnuiied cither voluiuetrically or ora\imetiicaIl\ , ^ the same 

nrocess oludousiv may be applied to aqueous solutions of hydrogen 
Lilohide. Another type of method is based on the conversion of the 
hvclrooen suUhide into some insoluble sulphide such as that of lead, 
com^e? or mcrcurv. when the amount of metallic sulphide may be 
determined bv oxidation of its sulphur to sulphuric acid ; ^ if only 
traces of liydrogen sulphide are under examination, this type of method 

mav be applied'^colorhnetrically. . , . , . • n ^ . 

Hvdrogen sulphide is sometimes estimated volumetrically oy treating 
a solution°containing less tlian 0-04- per cent, with excess oL standard 
iodine and tlieii after a short period titrating the residual iodine in tlic 
usual manner Avith sodium tliiosulphate or arsemous oxide : accurate 
direct titration is not possible : ^ 

— S (see p. 58). 


A modification of this method is to effect the oxidation by a knoAvn 
quantity of bromine (obtained by the addition of standard })otassium 
bromate solution togctlier with potassium bromide and hydrocldorie 
acid) and subsequently add excess of potassium iodide ; tlie super- 
fluous bromine liberates a corresponding amount of iodine, which can 
be estimated titrimctrieally : hence the bromine consumed and tlic 
hydrogen, sulphide oxidised can be calculated.'' The cliemical change 
in this case is ; 

HoS - 4H oO -r iBr 2 SHIM -p II oSO ^ 


The sulphur in sulphides from Avlrich liydrogen sulphide can be 
liberated by acids can naturally be estimated by suitable app/lication 
of the foregoing methods.^ 

An accurate electrometric metliod a])plicablc to soluble sulphides 
consists in precipitating as silver sulphide in alkaline solution by titration 
Avith staudarci ammoiiiaeal sih'cr solution.^ The cliaugc of 'E.31.F. at 
the end-point is considerable. The mctliod is satisfactory in the 
presence of sulphite, sulphate, tliiosulpliate. ipolA^sulphidc or cliloride. 


^ For example see AVinklcr, Zeitsch. aiigew. Chem., lOlu, 29, i., :LS3 , also Classen end 
Bauer, Ber., 1SS3, 16, iOGl ; Eliasberg, ibid., 1S8G, 19, 320. 

- Classen and Bauer, /oc. CiC ; Lyte, Conipt. r^vd-., 1806, 43, TOd ; W'ed, ibid., 1886, 
102, 1487 ; Bcr., 1887, 20, 695 ; Friedheim, z6a/., 1887, 20, 50, 1483. 

2 Brunck, Zeildch. anal. Chem., 1906, 45, 541 ; Jayson and Vesper, J. Ind. Bug. Chcni.^ 
1917, 9, 975. For application of this method to sea-w'aicr, sec JJruekcr, 1 idcrujit. Btv. 
Hydrobiol. Hijdrogr., 1926, l6, 130; Chejn. Zentr., 1027, in, 1180. 

^ Treadwell and Mayr, Zeitsch. anorg. Chf'.m., 1015, 92, 127. 

^ See for example Dean, J. Arrier. Chem. Sac., 1018, 40, 610. For tlu^ c'snination 
of sulphur in sodium sulphide, sec Hassreidter, Chem. Zeii., 1023, 47, 801 ; Ih'rl and 
Pfamimullcr, ibid., 1924, 48, 115; in antimony sulphide, see Aleoek, Bhnrm. J ., 1913, 
[w.C 37^ : Hutin, An.n.. Chim. anal., 1916, 21, 32 ; Lull and Ihunili , J. Soc. ( 'hen. f ml.] 

1921, /\Q, 275 ; and in zinc blende, see Koclseh, Chem. Zed., 101 G, 40, !74. Foi a siinimary 
of methods for the estimation of sulphur in iron pyrites, see Crain, Cfiem. Xers. i'OU, 115, 
253, 205 : also Phillips, Vjid., 1917, 115, 312 ; Ixaraoglanow and Dimilrsuv, Zcif.sch. amil. 
Chem., 1917, 56, 561 ; Diltler, IvolM/id-ZeLl.dch., 1917, 21, 27 ; Zav, Chem. Zc.dr., 1017, i., 
416; Varcin, Mon. ydent., 1918, [v.], 8, ii., 149; Bariseh, ('/um. Zed., 1010, 43, 33; 
Chaudron and -jiige-Boirard, Conipt, rend., 1022, I74» 683; Seiion and V'\'!tvpicd, Clo-m. 
ZeiL, 1926, 50, Us) ; Tfawe.s, Min. and Md., 1027, 8, 462 ; Jarvineii, Zetdc/i. an<d. Ch.em., 
L)2p 72, 81 ; ivaslnor, An.u. Chtm. anal., 1027, [n. j, 9, 134. For suipluir in spent oxide, see 
Fspenhahn, J . Buc. Chem. Ind., 1910, 35, 292; ,8la voriniis, Gam u. Wa.^dnrjdch, 1026, 69, 
790. a or sulphur as sulphide in glass, see Heinrichs, Zeltnch. anorq. Chem., 1027, 166. 209. 
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Insoluble sulphides must be examined by other processes of widely 
examples are given under Sulpliur (p. 43). 

The Polysulphides. 

Polysulphides of the Metals. — Sulpliur shows a riSuarkabJe p-vVvVcr 
of combining with metals, especially the alkali and alkaline earth 
metals, in proportions greater than the usually recognised equi\mlent ; 
thus, the existence has been establislied of a complete series of poly- 
sul|)hidcs of general formula wiiere .r ranges from 2 to 5 in the 

sodium series and from 2 to 6 in the potassium series.^ Iron pxTites, 
FeS,, may be regarded as belonging to the class of polysulphides. 

The simplest method, in jiracticc, for the production of the alkali 
polysulphides is supplied by the interaction of suljihur and the alkali 
sulphide in liot aqueous or alcohol solution.- Liver of sulphur,” 
obtained by fusing sulphur with potassium carbonate,^ is, wdicn freshly 
prepared, mainly a mixture of potassium polysul})hides wdth potassium 
thiosulphate. Solutions of the hydroxides of the alkali or alkaline 
earth metals also dissolve sulphur, yielding solutions of the polysulphides 
and thiosulphates of the corresponding metals (see p. 37). When a 
suspension of sulphur in aqueous ammonia is treated wdth hydrogen 
sulpliide in the absence of air, a red solution is obtained, which on 
cooling yields yellow’ crystals of aiJimoidiim pentasidphide, (KlT_^)S-d 
Bloxam claimed to have separated tetra-, penta-, he[)ta- and nona* 
sulpliides in this w’ay, wdiilst Thomas and Riding,^ using alcoholic 
ammonia, obtained only wdiat they considered to be di-, penta- and 
hepta-sulphidcs. IMills and Robinson, however, w-cre unable to obtain 
evidence of the formation of any polysulphidc other than the penta- 
sulphide. 

The solutions of these polysulphides areycllowdsh-browm, and on treat- 
ment wdth acid in the usual manner they yield hydrogen sulphide and 
a precipitate of sulphur. In many cases polysuipliidcs of tlic alkali 
and alkaline earth metals have been isolated in the solid state ; the 
types 3LS4 and appear to be the most stable as a general rulc.'^ 

Fused mixtures of alkali sulphide and sulpliur attack glass, but not 
glazed porcelain, above dOO"" C. ; ^ this action is greatest wdien the com- 
position corrcsjionds to the disulpiiide. 

Alkali polysulpludes react in solution wdth sodium sulphite, forming 
thiosulphate and sulphide ; by determining the amount of thiosulpliate 

^ Jones, T}-a/i,s. Chem. Soc., ISSO, 37, -16 1, , Huyot, Cornnt. rend., 181)9, 129, 388 ; Iloscii- 
feld, Her., 189J, 24, 1660 ; Locke and Austel], Aincr. CJutn. J., 1898, 20, 692 ; Tlioinas and 
Rule, Trci/is. Clitni. aSoc., 1917, iii, 1063. 

“ Sabatier, Ann. Chhn. rhy.^s , 1S8L [v.k 22, 66; Boi,t<z(u', AfLualcn, 1884, 223, 335; 
Ber., 1SS4, 17, 308; Rloxain, Broc. Cheni. Soc., 1899, 15, 146; S[)T'in^ ^ind Dcina/’iean, 
Bull. Soc. chini., 1889, [in.], i, 3J2 ; Knster and Heberlein, ZeiUdi. anorij. Chern., 1905, 43’ 
53 ; Rule and Thotuas, Tratis. Client. Soc., 1'.)14, 105, 2819. 

See Lielii^u, An/nile,!, 1832, 2 , 27 ; 183(), 18 , 170. 

^ Mills and Robinson, J . Chem. Soc., 1928, p. 2326. 

^ Rloxani. Trnn.'^. Chem. Soc., 1895, 67 , 277. 

^ Thomas and Midinu, ioid., 1923, 123 , 1726. 

‘ Rule and Thomas, loc. ctl.; Rarbieri, A!Ji B. Acend. LtncC, 1914, [v.i, 23, ii., 8; 
Aiild, Trans. Chem.. Soc., 1915, 107, 480; Giiareschi, Compt. r< nd., 1916, 163, ’jOO ; Billz 
and Wiike-Dorfurt, Zeltsch. anorg. Chem., 1906, 48, 297; Rlocli and llohn Bcr' 1908 
41, 1961. ■ ' , . , . - , 

^ Thomas and Rule, loc. clt. 
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produced, the polysulphide sulphur in the original solution may be 

estimated.^ ^ ^ r. , , , , 

Hydrogen Polysulphides. — In 1777 Scneele obscrA^ed that by the 

rapid addition of much acid to a solution of sulphur in an alkali it Avas 
])ossible to produce a yelloAv, pungent, oily substance. Better con- 
ditions for tlie preparation of this substance were first described by 
Berzelius in IS25, wlio stated that a concentrated solution of li\^er of 
sulphur should be added in small quantities to dilute liydrocldoric 
acid.- The oilv substance, of specific gravuty approx. 1*7, is very 
imstablc and is*^ rapidly decomposed on contact witli water, although 
dilute acids, especially* hydrochloric acid, exert a distinct jircservative 
action. For many years tlie oil was regarded as liydrogen ]icnta- 
sulpliidc.^^ IToS^. 'When freshly prepared it is completely soluble in 
cold benzene ; it cannot therefore contain any considerable quantity of 
free sulphur, and as its composition approximates to that of a penta- 
sulphide, it was natural to come to the conclusion tliat it miglit be an 
impure hydrogen pentasulphide ; now, however, tlie product is not 
regarded as a definite compound. It varies in viscosity according to 
the percentage of sulphur in the original dissolved metallic polysulphide, 
and Avidely divergent vicAvs have at various times been expressed as to 
the formula representing its composition. 

A discovery that certain alkaloids Avere cajiablc of jiroducing definite 
crystalline compounds Avitli hydrogen polysulphidc unfortunately failed 
to^Iucidate the mystery of the composition of the latter, since tlie 
compounds ]woducecl did not yield unanimous indications. Thus 
strychnine yielded a hexasulphide, (CoiIIo^iOo^^ Aviiilst brucine 
gave tAvo hexasulphicles, a red one, (C 2 : 5 ll 2 b^i^" 2 L*(^^ 2 ^^!;) 2 ^ yclloAV 

one, (C.23ll2,iO4X.2):..ir.2S(j.0lI.2O, and also an octasul jiliidc, C23ll2(50 ,Xo. 
H2Sg.2H20.^ Furthermore, apart from the fact that these additive 
compounds were not of one type and that their comjiosition was at hrst 
Avrongly interpreted, there Avas the additional disad\uintagc tliat their 
indications did not accord well AA'ith the earlier vicAA^s concerning the 
formula of hydrogen polysulphidc. 

At the beginning of the tAA'cntieth century, th.crefore, thcae avuis no 
certainty as to the formula of hydrogen polysulp/liide, and, indecAl. any 
formula betAveen the limits HkSo and IBS., appeared f)()ssibha altliougii 
the representation H2S5 appeared to be more in J'aAn)ur tiuin any otlier. 
Three Avell-defined compounds, hoAA'cver, Iuia'c now bcxai isolatc^d, 
hydrogen disulpldde. HoSo, hydroyeoi Lrisidphlde, and hydropoi 

pentasidplride, 11.2^-^: these aaoII be described; there is also evidence 
of the existence of hydrogen h.exasulpJiide, HowS,;. Tlu' alkaJoid com- 
pounds already mentioned are Avcil-crystallised, stabler bodies, and 
furthermore, the solubility curves for sulphur in the disulphide and 
trisulphide respecthxly have been dcterminech’ betAvetm tlu'. tenipera- 


^ Y\ oho-V, ZtitscJi. (iiujew. Ch('.'in.^ 1921,34, ; IvuuU'iiaukc'f and \^\l{\\v\\ a n()r(j . 

Chan., 1925, 142 , 115. 

- See Thcnard, Ann. Chvm. Phys., IS.dl, 47 , 79 ; loebi^, Anitdlvn, !Sd2, 2 , 27 ; 1 Sdd, 
18 , 1/0. lv.(‘b.s. ,]///////(■ ,7, iSSS, 246 , , lUi'.. 1 SS.S, 21 , dOfl 

^ I'lieriat'd, loc. ctf , (IhSp ; lYa.ni.sa}-, P/ar/.s. ('}>< ),!. Sur.^ lS7 », 12 , sr)7. (il„S- H .S,,,) ; 
flofmaim, YVo, LSCS, i, 189 . ; shbalier, n-nO., ISSi'e 01 r,a' (IPs' IPs"!) * 

1885 , 100, ]:m. (HjSp. “ ’ ^ V .. 7 „ 10/ - 

^ Hofmann, Ber., 1868, i, 189; 1877, 10 , 1087 ; Scbtmdi,, BnIL Snc. PS76, 26 , 

218 ; AniKiltn, 1876, 180, 287 ; Btr., 1877, 10 , 1289. 

Walton and Whitford, J. Amer. Chem. Soc., 1928, 45, 601. 
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tures — 34-72° C. and 55-3° C. and found to be identical ; in botli cases 
there is a marked break in the curve at —1*45° C., at which temperature 
the licpaid lias a com]')osition very near to that required by tlie formula 
{i.e. 82-47 per cent, of sulphur not evolved as IIoS) ; (see iig. G). 

Freparatian. — Tlie crude liydroyen polysulphidc, or '' hydrogen per- 
sulphide ’’ as it is frequently termed, is best prepared by heating for 
three hours at 100° C. a mixture of sodium sulphide, Xa.pS.OHoO, with 
half its weight of sul]3hur. The crystalline sulphide melts and the 
sulphur is gradually dissolved to a deep-red solution of which the solute 
has a composition between Xa.^Sj and This solution is mixed 

with rather less than its own bulk of water and is then introduced as a 
thin stream into a mixture of dilute hydrochloric acid and ice. The 
same yellow, oily product is obtained whatever the composition of the 
dissolved polysulphide, whether Xa.^S^, XuoSo, X’a.^S,^ or Xa.2S5.^ 



Fic. 6. — Solubility of Sulphur in Hydrogen Di- and Tri-sulpludes. 


If the oil is distilled under a ])ressure of 2 mm. in glass apparatus 
of which the superficial alkali has been remo\'ed bv treatment with 
Inxlrogen chloride (see p. 70), a distillate amounting to approximately 
one-sixth of tlie original bulk can be collected in the usual manner and 
on analysis jiroves to be Injdrogen frlsidphide. At the same time 

a more volatile li(]uid, actually Iijfdrugeii disulphide. lIoS.,, can be con- 
densed in a second receiver cooled by a mixture of ether and solid carbon 
dioxide. “ 

The crude ]iersulphide is also formed together with a large pro- 
])ortion of sulphur, when sulphur dioxide eitlier as gas or in solution is 
reduced liy means of hypo})hos})horous acid.^ 

The peuiasidpJnde. II.2S5. has been isolated more recently liy 
dceom|)osing pure anhydrous ammonium |)cntasulphide with anhydrous 
formic acid (see p. 70). 

General Properties. — All the known liydrogcn polysul])hides, as -wdl 

ig'um aud Borgo, Atli R. Acc.ad. Lined, UiOT, [ v.], 16 , ii., 74”) ; ]4itern6, Hjid., 

[v.], 17 . li., 027 ; "Waitoii and ]'*ai\sons, J. Ajncr. CJtc/n. Six:., 1021, 43 , 2730. 

Bloch and Hohn, Be.r., 1908, 41, 1961, 1971, 1975, 1980. 

^ von Dienes, Annah'n, 1924, 440, 213. 

Mills and Robinson, J. Chein. Soc., 1928, p. 2326. 
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as tlie crude so-callccl hydrogen persulpliide, are yellow liquids at the 
onunarv temperature. They are very sensitive towards alkalis, and 
it is therefore necessary to treat ylass vessels intended lor their storage 
(whicli is often pos.sibic only for a few lioiirs) witli hydrogen chloride 
oas If necessary, the compounds can be dried over calcium chloride, 
but this also slio'uld liavc received previous treatment with hydrogen 

chloride.^ i i , 

The compounds burn with a blue llame, giving water and sulphur 

dioxide. Even at tlie ordinary temperature they readily decompose 
into hydrogen sulphide and sufphur.^ the nieasnrernent oi' the amount 
of hydrogen sulphide formed from a known weight of a hydrogen jioly- 
sulpiiide.'^whcn warmed in an atmosphere of hydrogen, supplying the 
most coiu-eniciit method of analysis. Dilute acids act as prcspr-cativcs, 
but e\-cn traces of alkali cause rapid and vigorous decomposition. The 
addition of alcohols, especially amjd alcohol, also induces rapid clccom- 
position. 

Sulphur dissolves in the various hydrogen polysiilphides as already 
dcscril^ed ; ^ the solutions deposit crystalline sulphur when cooled or 
on the addition of benzene.^ As solutions of suljdiur in hydrogen di- 
sulphide or trisulphide behave in this way, whereas the fresh crude 
polysulpliide does not yield its excess of sulphur on similar treatment, 
this supplies further evidence of tlie existence of a liiglier polysulphide 
in the crude persulphide.'’ 

The hydrogen polysulpludcs are miscible with benzene, toluene, 
chloroform, bromoform, carbon disulphide, ether and licptane, giAung 
relatively stable solutions,^ and the use of such solutions has been 
suggested in place of sulphur eJdoride for the vulcanisation of caoutchouc 
at tiie ordinary temperature. The addition of alcohol to tlie benzene 
solutions induces rapid decomposition, witii .formation of nacreous 
sulphur, which slowly undergoes conversion into ordinary sulplrur 
(p. 25). Ketones, nitrobenzene, aniline and pAuddine also catalyse 
the decomposition. 

Hydrogen Pentasulphide, is a thin, pale yellow oil, obtained 

by treating pure dry ammonium pcntasul])Jhde crystals Avitli carciidlA^ 
dried formic acid. Xo free sulphur is produced in this preparation as is 
tlie ease wlien a mineral acid, or even 90 per cent. 1‘ormie acid, is used. 
A lie lupiid lias a density of 1-C7 at 16' C. Cryoseojiie mcasurcanents 
in berizene giA'e the molecular Avciglit as 152-5 : 1I.,S5 rcrjuircs 162. It 
cannot be distilled, but at 40" C. and 15 mm. it froths\.‘ons[(ierab] v. 
On cooling it suddenly liccomes viscous at - -25'" C., almost solid at 
45 ( . and glassy at — 50'' C., melting to a clear li([uid again on 
warming. It readily dissolA'cs sulphur. 

Hydrogen Trisulpliide, HoS^. distils from tlic crude ” jaasuljiliide ” 
at a]iproximately 69 ' C. when the pressure is reduced to 2 mm. It is 
a pale yellow mobile oil at tJie ordinary temperature, but on cooling 
becomes colourless, Avhilst Avheu warmed it becomes morc^ \4scons and 


]■ 


‘ IMoc'h and Hohn, loc. vil. 

Xnnip, Phil. Mojj., 1S3S, 7, 144 ; ArniaUn. 1S3S, 28, 170 
" ^\■alIon and Wlmford, luc. cil . ; \Valtou and Parsons, loc. cil. 

Bnini and Uorgo, Aifi P. A^ccad. Linad, 1908, [vO, 18 , i., 

Divcinsfd, J. pral'f. Chuti., 1871, [n.p 4, 20 ; Blocli and iiohn, he. ci(. 
L'sons, (oc. ciL 

.MilX and Uobinson, J. Chtni. Soc., 1928, p. 2320. 


Walton and 
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deepens in colour ; at 90° C. decom] 3 osition sets in. accompanied by a 
\'ig'orous evolution of hydrogen sulphide. Under atmosplieric pressure 
at ordinarv temperatures it undergoes slow decomposition . the esca]:>e 
of hydrogen sulphide causing it to foam. The licpiid has a disagreeable 
pungceit odour, suggesting camphor and sulphur cliloride ; its \ apour 
has an irritating effect on the eyes and nose. The density is 1*496. 
On strong cooling (—75° C.) the liquid yields a crystalline mass after 
passing through a very viscous stage, no sharp solidifying-point being 
a])parent : on warming again, however, there is a short delay at —53° 
to - 52° C. in the rise of temperature.^ In bromoform solution the 
molecular weight by cryosco]:)ic measurement has been found to agree 
with the formula 11083 .^ The oil is soluble in liquid hydrogen sulphide. 

Hydrogen trisulphide is much more easily combustible than the 
erude parent hydrogen polysulphide. Exposure to light tends to 
accelerate its decomposition. It slovvdy reduces concentrated sulphuric 
acid to sulphur dioxide, whilst on contact with dry silver oxide, cupric 
oxide, lead dioxide or mercuric oxide, it bursts into explosive combus- 
tion,- a residue of the metallic sulphide being obtained. Many other 
metallic oxides and most salts bring about a less vigorous decomposition ; 
metals in the massive condition only react with it slowly. With 
potassium permanganate or dichromate the reaction is violent. 

Hydrogen Disulphide, HoSg, in addition to being obtained from 
the distillation of crude '' hydrogen persulphide,’’ is also formed when 
hydrogen trisulphide is distilled at 100° C. under a pressure of 20 mm. ; 
approximately one-third of the trisulphide is converted into disulphide, 
whilst the remainder passes into hydrogen sulphide and sulphur. The 
disulphide, therefore, is the most stable of the hydrogen polysulphides 
towards heat, and can actually be distilled under atmospheric pressure 
at 71° to 75° C. with only partial decomposition. 

It is a clear yellow liquid, of density U327 at 25° C. ; its \'a]:)onr is 
much more pungent than that of the trisulplade and more severely 
attacks the eyes and mucous membranes. The melting-])oint is 
— 80*6° C.,' and the boiling-point 70*7° C.^ It is soluble in tlTC same 
solvents as the trisulphidc. 

Towards alkalis the disulpliidc is rnucli less stable than the tri- 
sul]diide and decomposes almost expiosiwly ii'i an imtrcated glass llask. 
Distilled water induces rapid decomposition, vddlst contact with alkali 
causes explosive formation of hydrogen sul})hidc. \\4ien ])laced on 
paper or on the skiin raj^id decomposition occurs, in tlie latter case with 
formation of a wliitc ileck, resembling tlic effect of hydrogen peroxide. 
Tlie disulphide resembles the trisuljdiide in its belia\'iour with sulphuric 
acid and with silver oxide : it is more readily inllanncd than the tri- 
suljdudc. 

Coiibiitutioii . — From the composition of hydrogen disulphide and 
its chemical behaviour, it is natural to regard it as the aiialoguc of 
hydrogen peroxide, and as having therefore tlie structure iI-S*S*II.'^ It 
is probable that the higlier polysulphidcs arc of a similar '' chain ” 

^ Bloch and Holm, loc. cit., p. 1971. 

- W'.illon and Parsons, loc. at. 

^ Sehonck and Faloke, Her., 1908, 41, 2600. 

‘ Butler and Maass, J. Atnf-r. Chcvi. For., 19;3u, 52, 2181; Walton and Parsons, 
loc. cit. 
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tyjje 1 that is, of constitutions H-S-S-S-H H’S-S-S-S-c; tt j j^i 
member of this series, may be present in nixl- missing 

pentasulphide, in crude hydrogen persulphide.’ hydrogen 

seiitecl as additive compounds of hvd-rnfVAxV i v i repre- 

.»e». H.S . sl. t iStLt 

would presumably be attached in the manner : S, ^\s • s ■ 

Spr*“ s l”iT iUv "■>»' 

sulphides towards rise in temneratUf n ^ higher poly- 

alone would be free from a quadrivdenUsuhihf P^'^ysulphides, it 

yaleneies entirely satisfied by other ulnTur^ atom with its four 

in colour of hydrogen trisulphide with fltnr Indeed, the change 

as the low stability of the trLljihide relative tUtr^ temperature, as wdl 

temperatures, havebeententativelyreferred^trtS^ 

isomerism a between the two structures H-S-S-S-H ^ Ng .. g • g 

The evidence, however is verv j 

WhtI t f \ /SH ^ suggestion, together 

that of a structure u h 

,, , s/ \gH pentasulphide, makiim 

sulphides has been proposed,°^nSel7''*"'“ l^°ly- 

''1 ^''tXg s H-s 

H-S H-U’ H-S/"-'"’ 


and this shares with the earlier H S S Fn. i 

r. a«o„. m..„, benzaldehyde. 


1 X- . uiaenvdes c;7 

4\tU 1905, 43, 53. 
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(C 6 H 5 CFI 0 ),.T-I,S,, (C,H 5 CPI 0 ),.T:LS 3 , and the behaviour of these 
products indicates that the sulphur atoms are present in a continuous 
chain. ^ In the light of our })rescnt knowledg'e, therefore, the most 
satisfactory method of re])rcscnting the constitution of the hydrogen 
poiysulpliides is by means of the “ sulphur chain formuhe. 

Halides axd Oxyhalides of Sulpiujr. 

As towards hydrogen so towards sulphur the affinity of the halogen 
elements rapidly decreases on passing from fluorine to iodine. Sulphur 
hexafluoride, SFg, is a stable substance, whereas the highest chlorine 
derivative which has been isolated is the unstable tetrachloride, SCI 4 ; 
sulphur monobromide, SoBix, is the only bromide of sulphur knowm, 
whilst sulphur and iodine do not form any definite compound. 

Sulphur Monofluoride or Disulphur Difiuoride, S^F.^. — When 
dry silver or mercurous fluoride and sulphur are heated together in a 
vacuum, a gas is evolved which is believed to be sulphur monofluoride, 
SoFgA The fluoride is a colourless gas with an odour similar to that 
of sulphur monochloride : it is decomposed by moisture with deposition 
of sulphur. On keeping, the gas yields a yellow or white deposit, the 
separation of wdiich is complete after 12 to 14 hours, the gas afterwards 
appearing to be stable at ordinary temperatures. That sulphur mono- 
fluoride is ]iot completely stable towards heat is indicated by mole- 
cular weight determinations. Samj^les prepared from silver fluoride 
gave the results 93*0, 93*2, 94-C, whilst a sample prepared at a higher 
temperature from mercurous fluoride gave a molecular weight of 86. 

At low temperatures the gas yields a snow-like solid which melts at 
— 105-5^ C. The density of the liquid at — lOW C. is 1-5. The approxi- 
mate boiling-point is —99^ C. 

Sulphur mono fluoride may be used in a similar manner to the mono- 
chloride for the vulcanisation of caouteliouc. 

Sulphur Tetrafluoride, SFj, has been ])rc])ared^ by heating 
at 120'^ C. a mixture of cobalt trifiuoride, fluorspar and sulphur. It 
is a colourless gas, whicli may be condensed to a liquid in a \^esscl 
sm'rounded by liquid air. 

Sulphur Hexafluoride, SF^.. — Siiiphur liexalluoride, the first 
hcxahalide to be discovered, is inepared by sulmutting sulphur to the 
action of fluorine in a copper tube. Tlie issuing gas on condensation 
in a spiral tube of the same metal at —80" C. becomes ])artly solidified ; 
by allowing the solid to vaporise gradually and jxissing the Ampours 
through potassium hydroxide solution aiuf solid ])otassium hydroxide 
successively, the substance is rendered purer, complete purification 
being effected suliscquently by re-solidilieation followed bv fractional 
CAxiporation.^^ 

Sulphur hexalliioride is a colourless, odourless and incom]:)ustible gas 
of density 5*03 (air--- 1). Wlien soiidilied it forms a eolonrless crystalline 
mass ol melting-point - 56" C. As the vapour pressure of the solid 
attains one atmosphere at — 62'" C. the solid lias no mclting-})oint 

^ JL-iinii('r and Viullcuinicn-, Srlna iz. It'or/n Cham. Fharw., 1908, 46, -ElO ; AbCr Chani. 
Soc., ] 908, 94, i., 900 ; liloch. Holm and Liio-gt*, ,/. .jri'dld. Chem., 1910, f li.], 82, 473 ; 
and .Bloeli, ibvJ., 1910, [li.], 82, ol2. 

“ CentiKn-S7A\ er and Strenk, Bar., 1923, 56, [ B ], 2240 ; 1925, 58, 914. 

^ Fisc-hei’. Zaii.^ch. anqnv. Cham., 1929, 42, SiO. 

' -Moissan and Lebeau, Coinpf. rand., iOOO, 130, 865. 
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under ordinary pressures but volatilises without lueltino- tk • 
temperature is -h>4° C.i Tiie o-ns . ^^clting. f^g critical 

water. It is remarkably inert auprc'acl'ino alcohol or 

It i. unafetal by tl.i sikbtXrt "15 

I 'S '?'°5 ““1 “'r tiK-ompositi,,,,. ' Mi.W““ 5 pi,‘''i *!“ 

^wtllstands a liign temperature, but under Ihc i.ui ^tydrogen it 
electric sparks formation of hydroo-en sulphide a T'u" powerful 
can be eflected. x\t a red heat ccTppei m d Jh ^^ydrogen fluoride 
on the gas, although magnesium anc/ sodium etlccf action 

at lower temperatures, however, it resists even /^®°°™Position ; 

sodium can be melted unchamred in arnt.nn I p and 

can the hydroxides of the alkali metals I^f the gas, as also 
ammonia are unaffected by sulphur hevln ■ /^y^™g'cn chloride and 
reacts rapidly according to the equation • ^‘^y^h-ogen sulphide 

SFg d-SHaS = 6HF +4S. 

The Chlorides of Sulphur. 

in 1782, b-Y Hagemann 

two stages was known to Eertho'Het in h <)7 n ^ 
produced yielding, on farther chlorination ®“hstance first 

confirmed by Dumas in 1832, who showed’ ^^is was 
vapour densities of the liouids satm-ntlH^ compositions and 

respcttively agreed ,-ith the L™, A"!!!*'’ f ‘i*” 'Ubri-.e, 
^aIues for atomic weights. The varinhV ^ usin^ modern 

however, has led chemists to Dm f 1 red chloride 

entity, but a mixture of SXf, a^d " ^bemlSi 

"a cTefil stud?Sl -“dithn? "Pharently 

the chlorides of suliAur lia^rTcer D v treczhiff. points of 
are capable of exigence, nZtlflTVcf^rf ^“oridc 

reezing-point curves are shown in A SCI, and SCI,. The 

compounds could separate from tt •’ p ^bat several different 

I.™ ,» ;rs,T 

51 , the n„ 

l5to 4W5T 

dSS'Lp?;:,':;; S'.TT'''V'“'“"Ki ‘53, 'S 

i;naoan.w 7 v„«.t.. 6 %e,„, eonfinned by analysis 
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SvIpJiicr tetrachloride separated in initter-Iikc form from mixtures 
eontaining more than (hPO atoms of ehlorine per cent. {i.e. G7'2 per cent, 
chlorine). 

A sliidy oi‘ tlie sulpect is rendered dihicidt })}'’• the i'act tiiat se^xral 
ecpiiiiihria arc iiu'oh'ed. These exjuilibria a})])ear in some, eases to be 
siovv of attainment, a fact that serves to explain contradictory results 
]:)V different investigators. 

It lias been concluded ^ that the e(|ui]ibriiim of the chlorides of 
siilpluir in the middle regions of concentration is dominated l)y tivo 



simultaneous dissociations of tfic diehloride. proceeding at very unequal 
rates, nai'nelv : 

(a) (Slow). 2SCh:^.SXl.>-' Cl.. 

{b) (Ra])id). 3SC1.3::^SXU-SCii. 

Tfiis would serve to exjilain the otJierwise ])U7./.iing obscawation that, 
altlioiigli a,n equilibrium mixtiirc? liai'ing the com])(;siti(jn oi' siilj)hur 
diehloride deivjsits sulpluir tetrachloride on freezing. IVesiily ])repared 
mixtures of sulpluir monocliloridc witli an eA'cr-ctJorinated sam])Ic of 
sulphur dieliioridc' exliibit a maximum freezing-point at tin* eompe^sition 
SCh. wliieli disapiiears wlien tlie mixture is brought to a condition of 
e(]iulihriiim. The ra}iid initial production of sulplnir diehloride. in 
aeeordanee witli tlic foregoing expiation (/>). is pn'csumably followed by 
tlie slower process of cksstriietion indicated by C(]uation (//). Vdlicn 
chlorine is passed into snlplnir monoeUloride at ordinary temperatures, 
ahsorpnion ceases ivhen tlie liquid contains about 70 })er cent. oi‘ clilorinc 
(SCU~68'9 per cent, eldorine), f)iit at 0 C. absorption continues be^nmd 
this ]){)int.“ Tile I’eaction ])roceeds more rapidly in direct sunlight, 
and is catalysed by antimony pentachloride. 

In addition to the foregoing, evidence lias been obtained of the 

^ Lowry tind coworkeio, h>c. rit. 

~ JJotliaiiiloy, Tratts. Fd.rdfhuj Soc., 1928, 24, 47. 
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existence ol sulphur subchlorides, probabJv S PI o ^ o /-ii 

mixture of sulphur and sulphur monochloriL is dissolve f ^ 

the lowering of the freezing-point is less tlnn tP 7 ^^ronioform, 

produced by tp two rolote repiaa ‘ ' » riepreroiops' 

piesence of sulphur subchlorides in equilibrium with 

Moreover, the composition of a saturated solution of *^'^7 ^°'."I'0“cnts. 

monochloride corresponds approximatclv wiS th ° f o'’ 

a study of the boiling-points of soh.H ^ ™ formula S,C1.„ and 

centrations of sulphur lij the monochlorid "^creasing eon- 

as the following- may occur ; ^ ^ suggests that such reactions 


and 


Ss + 8wS,Cl, 88301, 

Sg+dSgCl^ 


o . — ^--2 — •' 4S4CI2, 

is 

by preMously heating the solution to n V § ^'^“Perature is increased 

initial iiroduct of th^. n Dichlohde 8 PI 

thoroughly studied in 181™ bf Davy and^Khh T^' ''f first 

Pieparation . — Sulphur and chlorine int ^ ' “^fiM’endcntly. 

temperature but much more read Iv “ at the ordinary 

procedure „ to part dried chCa^^t"' P-rtomai^ ' 

flowers of sulphur ” until most of tf , sulphur or over drv 

* -»er td 

or a by- 

CS,+3Ch=CCI,+s^Cl, 

SHIBiii 

chloride. M'ith n f ‘'f ^ ‘^'®“ciation product from 'I 

..id tbc aSS dTy c1.otc>j;;r-:„»'p2 watrSy,' 

; | ■ “ >.oi.iiig solot.o.i or 

«i'. VI- ?. i- MV. 
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sulpliur in sulpliut' dicliloride ^ or on a strongly heated mixture ot barium 
sulphate with coal, coke or hydrocarbons of high carbon contents 

The nionochloride may be obtained in a higlily purified condition 
bv mixing a liigh-grade commercial sam])Ie with 1 ])cr cent, by weight 
of a mixture of highly absorbent charcoal and sulphur, distilling in 
glass apparatus and collecting the fraction distilling above 137'' C. 
Tliis fraction, after addition of more charcoal and suljdiur, is redistilled 
in a wicuum under a pressure of 28 mm., })iir(? sulphur monocliloride 
distilling at 11^ C."" 

Physical Properites. — Sul])h.ur monochloride is a golden-yellow liquid 
whicia fumes in moist air ; it has an unpleasant pungeiit odour and a 
hot, bitter taste. At 25"" C. the density of the liquid is 1*67828 ; ^ the 
surface tension, measured at 22"^ C. by the capillary rise method, is 
40*78 ; the relative viscosity at 18" C. is 1*908, and the specific heat 
at 22° C. is 0*22 (”2*8 per cent.).^ The boiling-point is 138° C. and 
the melting-point —76° to —75° C.® The vapour pressure through 
the temperature range 0° to 138° C. is given in the following table : ^ 


= ° 0. 

Vapour Pres- 
sure in mm. 
(?,). 

" C. 

Vapour ITcs- 
suro in mm. 

(V). 

° C. 

V apour Pres- 
sure in mm. 

0 

3*7 

50 

43*0 

100 

257*0 

10 

6*4 

59 

60*0 

110 

351*5 

20 

10*7 

70 

93*0 

1 20 j 

469*7 

31 

18*6 

80 

135*0 

130 i 

615*2 

40 

28*0 

90 

186*4 

138 s 

1 

760*0 


The equation for the corresponding curve is : 


logioP — 7*4550 — 1 880*1 T (T— abs. temp.), 

from which the latent heat of evajioration is calculated to be 63*9 cals. gm. 
or 8626*5 cals, moh, and the molecular boiling-]X)int elevation constant 
is 52*9.® Under the foregoing conditions sulphur monochloride is a 
stable, well-dcrincd compound. 

The monochloride exhibits a slight tendency to molecular dissocia- 
tion,^ but the effect is so small that both in tlie dissolved and in tlie 
gaseous condition the molecular weight agrees with the formula SoCh,. 
As it does not combine with bromine, ebullioscopic determinations of 

^ Terlinck, Fr('/ich Pah-nt, 61 1 J4I (11)25) ; CJirm. Zrif., 11)27, 51 , S61. 

- Che.m. Pahr. Grie.^hclni-Elchlnjn , Assecs. of K. L. Gond‘:'.r, Gerrivui Patent, 417853 
(1922). 

^ Harvey aiid Scliuette, J. A j/ier. Chrm. Sor., 1626, 48 , 2 () 6 o, 

Harvey and Seluietto, Inc. df. ; Fawsirt (J. For. Chem.. f n/L, 1886, 5 , 638) yives the 
density at O ' C. as i.HOO, and at 1.5 C as 1 68.3 ; Krc'tov {J. Cla-ni. Ind. Moscoiu, 1928, 5 , 
1268) gives ! -6824. 

Trautz and othci’.s, Zc.ltsch. plnLirorhcru., 1929, 35 , 1 10 . 

Beckmann, Zeit-'-ch. pkysikaL Ch.cni., 1909, 65 , 2S!) ; Franlr and klarekwald, (Jyaoni. 
Zeit., 1914, 28 , 1580; Roozeboom, Pror. K . Akad. Wclci'srh. Aii/h'-lcrdan) , 1903, 6 , 63; 
Aten, Zeitsc.li. phy.nkal. Ckcui., 1905, 54, 55. 

Harvey and Schuette, loc. at. ; cj. Trautz and others, loc. cit. 

^ Cf. Orndorff and Terrasse, Amer. Chem. J., 1896, 18, 173 ; Beckmann, loc. cit, 

^ Besson and Fournier, CompL rend.., 1910, 150, 1752. 
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the molecular weight have been made in this solvent on 7 ? 

m liquid chlorine (see p. 81). even 

The compound is exothermic : i 

S,(rhombic)+Cl3(gas)=S,Cl,(liquid) + 14,260 calorics. 
disdSd'” blnzentcltbZfeM^ 

possesses sohmnt properties, dissolving sulphlfr ve v S Id “ ’ 
and slowly depositing much of the solid on’coofino ^^^ uT"^''f™"^“ 
heat of solution of sulphur in ^^uTiAlmT* it ■ t ^ ^^^elecular 

-3000 calories (seeTVefs ^ -1300 to 

dissolved, the two latter without^chemical Mm" '^^^o 
ever, combination occurs readily at the ordlna"^'!’ chlorine, how- 
at the boiling-point of liquid chlorine simnic ‘^’^^^ough 

(see before and p. 81). The heat ef c ih^ -solution occurs prirnarilv 
monochloride is shovvn in tlie following equat^m” sulphur 


(gas) =2SC1, (dissolved in S„CI 


2) + 9800^400 calories, 


S,Cl,(Iiq.)+Ch 

and 

S.CI.(l.,.)+3Ce(g.e-2SCl.(d»olvcd i., 

ri ■ 1 n . +12,000 to 14,000 calories. 

ordinary conditiras b^the^^r^ul t '^ndcr 

in the vapour condition m j mfxe? ^ tube 

occurs, accompanied bv a greeihsh b W n- combustion 

sulphur dioxide and trioxide toScr witJ i«rmation of 

water the monoehloride undmSs Le ^ chlorine. In contact with 
equation ;t unueigoes decomposition according to the 

S2Cl2 + 2HoO=I-r,S-f2HCI-f-so,. 

Ij\ en in the presence of a 

proceeds to the extent of 93-68 444 decomposition only 

presence of the hvdromi chlorih r ^'‘^strained by the 

influences the extent ouTe ac hn is n i'^^tor ^5S 

Poh4" Mrogen suSdd444 

Polj-thiomc acids are formed in solution a, m 'f sulphur dioxide 
encloses undecomposed chloride and mav separates 

Ptith phosphorus the reaeUon 1 dissolve in it. 5 


^.pVith plios44:4: re44n4roTf’^° ^ 

ditions. In the presence of an ivo according to the con 

smpnochloride and free sulphur areTht"' “"^‘O^hioride, pliosphorus 
chloride IS introduced into ail excess of 4fi' mono- 

ai»b5„SS ““ 

, others, he. cif ' 1909 ^ 289 . 

.( isr,8, 106 -191 . ni T , 

Chen:, U.2tT46!tf““'’ T»;,:ri92?38' f77 : 4®' f v“i'- 

-inn. 1843, [iii.], 7 , 213 ■ Wohle ) ^ 

Buil. Sac. Chim., IS7],'i'4"8:7.' ’ dhevner, Comp’i. ’'"'rf Msly “ihchfu ’ 


COMPOUXDS OF SULPHUR. 


79 


Witli regard to the general reaction of sulphur monochloride with 
metals, Doinanicki ^ has stated that univalent metals do not react, 
and bivalent metals, with the exception of mercury, if they react at 
all, do so with much greater dilhculty than ter- or quadri-valent metals. 
There are other important exceptions to tliis rule, however ; sih^xr is 
slioptly attacked by the monochloride, whilst copper and manganese are 
very considerably attacked. On tlic other hand, cobalt and chromium 
are unaffected, and it has ])een suggested that drums made of alloy 
or ])]ated steel provide suitable containers for sulphur monochloride. “ 
The corrosive action is greatly accelerated by the presence of dry ether, 
with which the metaliic chlorides form complexes, thus enliancing the 
thermal effect of tlic action. 

Many metallic oxides, especially tliose yielding volatile chlorides, 
are attacked by the vapour of sulphur monoclVloridc, and the reaction 
forms a useful nictliod for the conversion of such oxides info the corre- 
sponding anhydrous chlorides.'^ Assuming a bivalent metal M, the 
change is : 

2MO-;-2S,CU-2MCk-SO.-h3S. 

Sucli treatment can be extended to mineral substances, some of which 
at 800" C. under the action of sulphur monochloridc vapour are easily 
convertible into the corresponding metallic chlorides.^ 

Sulphur trioxide and sulphur mcnochloride react to give pyro- 
sulphuryi chloride, 8205012, whilst sulphates when heated in the mono- 
Ciiloride vapour are converted into chlorides in the following manner : 

Xa oS 0 .1 -h 2S 2CI 2 - SO oCl o -j- 2XaCi -f SO -r 3S . 

Under the inlluence of the silent discharge sulphur moiioehloride 
vapour is reduced by hydrogen to hydrogen chloride and sulphur or 
hydrogen sulphide. Hydriodic acid effects a similar reduction " at 
the ordinary teiujoerature, tlie jnoducts being hydrochloric acid, sulphur 
and liydrogen su]]diide, togetlier witli iodine. 

Pliosphorus triciiioride reacts with sulphur mojmchloride, iodine 
acting as a catalyst ; the jwoducts arc phosphorus pentacliloride aiid 
phosphorus sul])liochioridc : 

3PCl,-rS2Cl2 = PCl5-^2PSCh3- 

Antimony ])cntacldoride reacts to ibrm the compound SbCl5.SCl4, 
which may be obtained as amber-coloured crystals.’^ 

VVlien an ice-cold solution of ammonia in chloroform is added to 

■ Donianicki, J. 70/, sw. /kp/.v. ('iLcm. Soc., ].;)i 6 , 48 , 1724. 

- Harvey, Mf-L 77////. , 192S, 35 , 084. 

^ A/i/i. Cliitu. .lain, ; 21 , 50 ; Compt. itxd., J907, 145 ? 62 ; 1909, 

143, 170 ; iljck.s, J . H /,•// /•, Cln n). JOll, 35 , .i-192. 

■’ I'k F. Sn'iith, J. .!///? /•. (Ah:/ii. Nor., ISOS, 20 , :^ 8 l) ; Hall, ihid.. 1904, 26 , j243 ; Hicks, 
Hid., 191 J, 33 , M92 ; laiktais. ibid., lOIk, 35 , 1404 ; ISerra, 1899, 29 , 355 ; Oddo 

aiiil Oiaclicfy, ibid., !923, 53 , i , 03 ; Loui-jon, Ann. C/iun. Phij-i., 1910, 20 , 547 ; Budnikov 
and dfliilov, Clinm. Zciihz, l',)25, 11 ., 38S. 

^ (eu'ius, A tuuilo.n . i85S, 106 , 291. 

'' Besson and r'ourmer, loc.. cit. 
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a solution of sulphur monocliloride in the same solvent, sulphides of 
nitrogen are formed, the primary reaction being : ^ 

6SXlo4-Ih^TI3-X4S^-fl2^M-^,Cl+8S. 

The tetrasulphide may be precipitated by the addition of alcohol, and 
by concentration of the mother-liquor the pentasulphide, X2S5, and 
the hexasulphamide, S,jXI-l2.. may be obtained. 

Sulphur monochloride reacts vigorously with n\any organic com- 
pounds, geiierally exerting a chloriiurting or a sulphurating action. 
Thus it converts ethyl alcohol into ethyl chloride,*^ aniline into dithio- 
phenylamine,'^ and anthracene into 9 -anthrvldithiochloride, 0^4119820!.^ 
Even ether is slowly decomposed by sulphur monocliloride.^ The sodium 
salts of the fatty acids are converted into their corresponding acid 
chlorides.'^ 

The purity of a sample of sulphur monochloridc may be determined 
by heating with aqueous sodium hydroxide (‘2iV) for four hours in 
a long-necked flask on a water-bath and, after cooling, adding a few 
c.c. of 30 per cent, hydrogen peroxide. The mixture is then reheated 
for not more than half an hour, slightly acidified with nitric acid, and 
diluted to a known volume. The chlorine may then be estimated 
volumctrically and the sulphur gravi metrically in aliquot portions.® 

Sulphur monochloride is extensively used in the vulcaiusation of 
caoutchouc at the ordinary tcmiierature by a process discovered by 
Parkes ; ® the chemical reaction appears to involve merely the addition 
of sulphur chloride to an unsaturated hydrocarbon. A similar reaction 
is iuAmlved in the manufacture of ‘‘ mustard gas,” dichlorodiethyh 
sulphide, from cth^dene and sulphur monochloride : 

2C.2II4 A S oClo = S (C )o d- S . 

The monochloride is also employed in the manufacture of carbon 
tetrachloride and certain anhydrous inorganic chlorides. Its use has 
also been suggested in the refining of sugar. 

ConHifMtio)i.~~- Although the structure S : SCL^is possible for sulphur 
monochloridc, there appears to be little real evidence in confirmation 

^ Macbctli and Graham, Pruc. Roy. Irish Acad., ]023, 36, 31. 

- Carius, loc. cit. ; Guthrie, Av.naUii, 1859, 113, 2(56; Bottler, ifjid., lSS-1, 223, 346 ; 
Hobnbera, ihtd., 1909, 359, 181 ; Klason, Bcr., 1887, 20, 2376 ; Edin;,icr and GoJdborg, 
ibid., 1960, 33, 2875, 2883 ; Eerrario, IPill. 80 c. chim., 1910, [iv.], 7, 518; Silberrad, 
SilbeiTad and Parke, Trans. Chera. Sac., 1925, 127, 1724, For the action of sulphur mono- 
chloride on, aromatic amines, sec Cassolla & Co., Oeriaxm Pak-n.t, 370854 (1923) ; Chcni. 
Znritr., 1023, iv., 538 ; on acid amides, see Xaik and Patel, J. Indut.n Chon. Soc., 1924, i, 
27 ; Xaik and Bhat, ibid.. 1927, 4, 52.5 ; Xaik, Trans. Chon. Soc., 1921, 119, 1J66 ; on 
mercaptans and thioamides, sec Chakravarti, ■ibid., 1923, 123, 964 ; Tshikawa, Sci. Papers 
Inst. Phys. Ghcrn. Res., 1925, 3, 147 ; on hydrocarbons, see Lorand, hid. Eng. Chern., 1927, 
19, 733. 

^ Canus, loc. cit. ; Ebelmen and Boiiguet, Ann. Chon. Phys., 1846, [3], 17, 65. 

CofTey, Ren. Traro. cJiirn., 1921, 40, 747. 

Fricdlander and Simon, Ber., 1922, 55, [B], 3969. 

''' Dumas, Ann. Chun. Phys., 1825, [2], 49, 204. 

" Denham and W'oodhouse, Trans. Chern. Soc., 1009, 95, 1235; 1913, 103, 1861; 
Hewitt and Lumsden, J. Soc. Chern. Jnd., 1916, 35, 210. 

® Kretov, J. Cheni. hid. Moscow, 1928, 5, 1268, 

^ Pat'kes, British Pat od, 11147 (1846). Guthrie, vLt/mL/p 1860, 113, 270. 

Hennques, Ber., 1894, 27, 2993 ; Lippinann and Poliak, ibid., 1901, 34, 2767. 

Tlie reactions of the double compound AlCL.2SoCL appear to favour the unsym- 
metrical formula ; sec Rud and Golla, Ztitsch. anerg. Chern., 1924, 138, 17. 
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of such an analogy with thionyl chloride, O : SCI 9. The rcl at ion of sulphur 
monocliloridc to the other chlorides of sulphur, and the fact that in its 
interaction with organo-magnesium compounds products arc obtain- 
able wTich arc known definitely to have the constitution 
wlicre E represents an organic radical, are entirely in support of a 
structure ChS-S-Cl, analogous to the probable structure of h3vIrogen 
disuljdiide. 

Trisulphur Tetrachloride, S3CI.1. — That this chloride is capable 
of existence has recently been demonstrated (see p. 74 ). 

Sulphur Dichioride, SClg. — As explained already, the existence of 
this substance has been the subject of much controversy, the view held 
by some chemists “ being that the liquid described b\^ others ^ as sulphur 
di chloride is in reality a mixture of the monochloride with the tetra- 
chloride or with chlorine. A difficulty encountered in the characterisa- 
tion of such a substance is that molecular weight determinations with 
the gaseous or dissolved substance do not distinguish between SCI9 
molecules and a mixture of S9CI2 and Cl 9 molecules in equal numbers ^ 
(see the following, however). 

The freezing-point curves for mixtures of sulphur monochloride 
and chlorine containing up to 92 per cent, of total chlorine, as obtained 
by earlier workers, supplied no evidence of the existence of sulphur 
dichloride, the only maxima on the curve being found at — 80 '' C. for 
a composition corresponding with sulphur monocliloridc, SoCk, and at 
— 30 * 5 " C. for the composition of sulphur tetrachloride, SCl,^ ; some 
indication oi' a more highly chlorinated derix'ativc such as was 

observable, but there was no suggestion of the existence of SCU- This 
result, o{‘ course, did not exclude the jiossibility o(‘ the existence of a 
compound SCI 9, or its formation from sulphur monocliloridc and sulphur 
at higher temperatures. 

Beckmann in lOOG, however, by the artilice of enqiloying liquid 
chlorine as an el)ulliosco[)ic solvcnt,<‘ found indication of the existence 
of SClo molecules ; with this solvent a mixture of S9CI9 and CL, mole- 
cules will not produce the same chect as sinqde SCU, molecules. 

In 1027 , Lowry succeeded in freezing out some sulpiiur dichloride 
from an over-chlorinated e(|uilibrium mixture having its composition 
adjusted to that of SCU by addition of the monocliloricle. The product 
was rccrystailised iVom light petroleum, and ujion analysis yielded the 
eni])irical formula SCI 9. 

An equilibrium mixture of conqiosition corresponding to SCU is 
most easily pre])are(l by allowing a solution of suIpliur monochloride 
in liquid chlorine to warm to the ordinary temperature ; ' a. modification 

^ Slreckcr, Bf.r., 19.10, 43, 1 nkl ; J^oesekon, Jl(:c. Trai'. 1911, 30, 116 ; 1906, 24, 

909. 

~ Aii.njrlev, .1868, 106, 291 ; 1869, no, 209 ; Chevrier, C<r)ii-pl. r(‘,nd., 1866, 63, 

1003; 1867, 64, 302; Lose, Ann. Phys. Chirn., 1837, [ii.g 42, 617 ; l.sambcrt, Compt. 

1878, 86, 6(91. 

Costa, Atti l\, Arc.ad. Lincri, 1S90, 6, 408 ; Dal/kel and Thorpo, Ch( rn. Xcius, 1871, 
24, 169; Midiaolis and Sc-hjircL'deckcr, Ann/if(f/, 1873, 170, 1; Ihikncn' and Cdicrouli, 
Zvlt-scJi. CJic/n., 1870, jji.J, 6, -166. 

ILubncr and Oucroult, /oc. cit. ; Costa, l.oc. cit. ; Oddo, fUtzzcH.n, 1901, [ii.], 31, 222. 

■' Ivull and Fisclier, hie.r., 1903, 36, 418 ; HiilT. ihid., 1904, 37, 4613. 

B(.;(;kinann, Znitsch. nnory. Chnm., 1906, 51, 96 , Zcltnch.. phjpt/n/l. Ch( rn., 1909, 65, 
289; SiizanJjrbcr. K. Atnd. HCVs. Jkrlin, 1913, p. 886. vScc also Lerumann and Bloch. 
Ber., 1020, 53, [B], 977. 

‘ Aten. Zfdt.sch. physical. Clirrn., 1905, 54? 55. 

VOL. \n. : JI. 
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of this process is to saturate the moiiochloride, cooled in a freezing 
mixture with chlorine and subsequently remove excess of the latter 
(vas bv a stream of carbon dioxide. Powdered absorbent charcoal acts 
cataivticallv in facilitating the action. ^ As prepared in this veay, the 
mixture is\a deep, reddish-brown liquid, of density 1-G22 at 15" C.^ 
It boils at 59" C. under atmospheric pressure, and at —24" C. under 
4 mm., but on account of the very considerable dissociation into mono- 
chloride and chlorine, the boiling-point is not^ constant. When cooled, 
it solidifies near - 88 " C. and remelts at —78" C.^ 

Sulphur dichloride is decom]:)Osed by water, giving hydrochloric and 
thiosul})huric acids, tlie latter gradually yielding sulphurous acid and 
sulphur. This recalls the corresponding behaviour of the monochloride, 
and, probablv on account of the considerable dissociation, even in the 
liquid condition, the chemical properties of the “ dichloridc ’’ are 
(jencrallv similar to those of the monochloride. 

Sulphur Tetrachloride, SCI 4 . — Vvhen a mixture of sulphur mono- 
chloride with liquid chlorine is kept in a sealed tube, slow combination 
ensues, with formation of sulphur tetrachloride. At ordinary tempera- 
tures the rate of combination is very slow, but it is hastened by a 
moderate rise in temperature.^ 

The product is a brownish-red liquid at ordinary temperatures ; 
when cooled it exhibits in a marked manner the ])henomenon of sus- 
pended transformation,'' and generally does not solidify above —70" C., 
the yellowish-white solid obtained below this temperature melting at 
— 30-5" C. A few degrees above the melting-point the dissociation 
pressure reaches one atmosphere, so that dissociation into sulphur 
monocliloride and chlorine, probably with the production of sul])hur 
dicliloride as an intermediate stage, occurs exceedingly readily, and at 
tlie ordinary temperature the liquid coiitains only a small pro].)ortion 
of the tetrachloride, the dissociation products^' preponderating (see the 
following). 

Water causes immediate and almost quantitative decomposition of 
sulphur tetracliloride, with formation of hydrochloric and sulphurous 
acids, the latter standing in the same relation to sulphur tetrachloride 
as carbonic acid to carbon tetrachloride and silicic acid to silicon tetra- 
chloride : 

SCl^+SHoO^WSOo-r'fHCi. 

With anhydrous ammonia the tetrachloride reacts to form nitrogen 
sulphide : ® 

12SCl,-rlC)Xn3-:3X4S4-48HClJ-2Xo. 

A ith an ecpiimolecular proportion of sulphur trioxide, interaction 
occurs forming thionyl chloride, sulidiur dioxide and chlorine : 

SCl^-SOs-SOClo+SO.ACl., 

- Pope and Heycock, British Patent, 142S79 (1918). 

- Kretov (J. Chthi. Ind. Moscow, 1928, 5 , 1268) gives fZ‘;)Jl-6222. 

^ Beckmann, Zeitsch. pliysihiJ. Chtm., 1909, 65 , 289. 

* Miehaelis and SchitTerdeeker, Bar., 1872, 5 , 921 ; 1873, 6 , 996 ; Roozeboom and Aten, 
Prnc. A. Akad. Wdrnsch. Ainsttrdam, 1904, 6 , 599 ; Aten, Zcitsch. physiBil. Ch.rm., 1905, 
54 , 55; Bcckinariin ibid., 1909, 65 , 289 ; Ruff, Bar., 1904, 37 , 4513; Rnft and Fischer, 
ibid., 1903, 36 . 418. 5 Beckmann, loc. cit. ; Ruff. loc. cif. 

^ Puff and Oei.'-el, Pdr., 1904, 37 , 157.3. 
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])ut an excess of sulphur trioxide leads to simultaneous formation of 
pvrosulphuryl chloride : 

SCl 4 -i- 2 S 03 -S 0 CU-!-S, 0 ,Clo. 

Sulpluir dioxide does not exert any action on sulphur tetracliloride, 
but above 0 " C. chlorosulphonic acid yields the same jDroducfcs as those 
o-iveii in the lirst equation for the action of sulphur trioxide. whilst 
below 0 " C. the product is sulphur oxytetrachloride, SoOoCl ,.^ 

Many chlorides, especially those of the metals, combine witii sulphur 
tetracliloride to produce unstable crystalline additive com]iounds ; - 
thus, iodine trichloride, antimony pentacliloride. titanium tetrachloride, 
stannic chloride, ferric chloride, and also arsenic fluoride, yield crystalline 
products containing the added molecule SCI 4 ; this provides strong 
evidence of the definite existence of this chloride of sulpliur. 

In its action on organo-magnesium compounds,^ suhphur tetra- 
chloride behaves as if it consists only of sulphur dichloride and chlorine, 
and its reactions with sulphur trioxide (see before) appear to be capable 
of a similar interpretation : in tliese cases it is indeed possible that 
sulphur dichloride and chlorine, present as products of dissociation, are 
the actual agents in the chemical change. 

Sulphur Monobromide, or Disulphiir Dibromide, S.^Br.,. — This 
is the only definite bromide of sulphur. It is obtained on heating an 
equi-atomic mixture of sulphur and bromine at ] 0 CU C. in a sealed 
tube.-^ The product is distilled under reduced pressure and collected 
in a dry receiver. Combination of the two elcmciits can also occur at 
a lower temperature, as is shown l)y tiie fact that sulplmr dissolved in 
bromine is present as suljdmr monobromide molecules and not as free 
sulphur, proof being possible by cryoscopic mcasnremeiits.’' 

Sulphur monobromide is also formed when snipliur monochloridc 
and potassium bromide are heated together in a sealed tube. It is a 
garnet-red, oily licpiid, which does not wet glass : its density is 2 -Go5j 
at 20''" C. ; its melting-point is -KU C. and its boiiing-]X)int 54^ C. 
at 0'18 nim. ; at higher pressures the boiling-])oint is inconstant, due 
to dissociation.^ The refractive index, 2 -(; 2 G 8 .' 

Sulphur monobromide is a slightly exotliennic substance with 
respect to its elements. It is decomposed by water in an analogous 
manner to the monochloride, but more readily. It dissoh'cs suli)hur 
readily on warming, depositing some of the solid again on cooling. 
Yellow ] 3 hosphorus dissolves in the cold liquid, but on warming explosi^'c 
chemical action sets in. Iodine monochloride reacts gi\'ing iodine 
bromide and sulphur monochloride. 

In the presence of alkali the bromide decomposes with formation of 
a sulphite, a bromide and sulphur ; ® 

2 S oBr , -b 6 KOH iKBr m K ,SO . - 3S - 3l 1 ,0 . 

MicliacUiS and SchiffcTdec-kcr, Annalcu, 1873, 170, 1 ; also loc. cit, 

“ Rose, U/;//. PJiys. Cliem., 1837, 42, 517 ; RuiT, loc. cit. 

^ r errario, 8'oc. chuti., 1910, [iv.l, 7, .718. 8oe also Bcekniann, Zeiheh. physikcd. 
Chem., 1909, 65, 2S9. 

^ Gernez, Compl. rcrid., 1S70, 82, 1152; Rnli and Wirilcrfoid, Jia R*(.)3, 36, 24.37. 

^ Beckmann, Silzu/fig.'ibe.r. K. Ahicl. ItLs. Bcrlij/, 1913, p. S8G ; sc'c also Wd'iolit, Trans, 
(■hf'ui. Hoc... 191G, 109, il34. 

2Iuir, Trans. Cheai. Hoc., 1S75, 28, 845 ; Hannay, ibid., 187.3, 26, 823. 

‘ iliiii and Winterfeld, loc. cit. s Midiaelis, Zcilsch. CJian., 1871, [n.], 7, 185. 

Ivorndorfer, Arch. Pharru., 1904, 242, 156. 
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Existence of other Bromides. —At one time the existence of compounds 
SBro and SBr.i was suspected, but the evidence is insuflicient and un^ 
convincing.^ The curves representing the vapour pressures and the 
frcezinir-points of mixtures of sulphur monobromide and bromine give 
no indication of the formation of any compound. The evidence thus 
supplied merely indicates that neither dibromidc nor tetrabromide is 
formed on mixing tlie monobromide and bromine.- 

Sulphur and Iodine. — Various methods have been described for 
the preparation of compounds of iodine and sulphur/'^ but to-day the 
products are regarded merely as mixtures of the elements. ^ In soluUon 
in carbon disulphide, iodine and sulphur exist side by side permanently 
uncombined. The freezing-point curves for mixtures of the two 
elements,^ as also the vapour pressure curve of the fusion products.^ 
likewise give no indieation wliatever of chemical combination, altlaough 
sulphur forms a solid solution in iodine. A further ])roof of the absence 
of combination is the fact that when dissolved in iodine, suljhiur has 
a normal molecular weight, determined ciyoscopically, only a little 
below that required for The present condition of our knowledge, 
therefore, may be summed up in the statement that no definite 
compound of sulphur and iodine has yet been obtained.^ 


Oxyhalides. 


Thionyl Fluoride, SOFo. — Thionyl fluoride was first obtained pure 
by Moissan and Lebeau in 1900 ^ by heating a mixture of arsenic 
pentafluoride and thionyl chloride in a glass tube at lOO"" C. for half 
an hour. The tube was cooled to —80^ C. l^cfore rc-o])ening, the liquid 
then being alloAved to evaporate by cautiously allowing the temperature 
to rise, the thionyl lluoride, which boiled away at a little below 30" C., 
being collected over mercury. The gas was freed from traces ol‘ tliionyl 
chloride and arsenic pentafluoride by passage through a spiral tube at 
—23^ C., the fluoride passing over uncondensed : 


2AsF5-!-5SOClo=5SOF,-r2AsCl3. 

A modification of this method has been used by Stcinko])f and llerold.io 
An ice-cooled brass flask containing arsenic fluoride was fitted with a 
reflux condenser connected to a second condenser which led to a leaden 
vessel cooled to —50" or — GU" C. The calculated quantity of thionyl 


^ ^ilichaelis, loc. cit. 

~ Kuli' and Winterfold, loc. cit.; Koozebooin and Aton, ./Voc. K. Akod. 
Aimsterdam, 19U4-, 6 , 599 ; Miiir, loc. cit. 

Gay-Lussac, Ann. Clnm. PIu/s., 1813, 88 , 319 ; Guthno, I'nnos'. C'hon Sor 
57 ; .Menkc, Chem. S'ews, 1879, 39 . 10; Pninier, J. Pharm. Chi.ifi.., 1899, Ivi. 
Laniers, prakl. Chem., 1861, 84 , ;i-19 ; von Katli, Ann. Phi/.e. Cheni. 1 HOo’hi 1 
Henry, J. Pharm. Chirn., 1848, 13 , 403. ' ’ ’ ' 

1 Sestini, Pejoertoire de cJiimie cippliquce, 1859. 5 , 401 ; Linc.bar-cr 4wcr 
1895, 17 , 33 ; McLeod, Chtin. News, 1892, 66 , 111 . ’ 

Smith and Carson, ZciUr.h. physikal. Chem.., 1907, 61 , 200 : Ephraim Zcit. 
Chem., 1908, 58 , 338 ; Olivari, Atti R. Accad. Lined, 1908, [v.j, 17 , ii., 512 ; 
Oompt. rand., 1903, 136 , J577 Beckmann and Ranslian, Zcit.wh. anorg. Chem. 

, . TT . ' Wright, Trans. Chem.. Roc., 1915, 107 , 1527^ 

' Beckmann and Hanslian, loc. cit. 

^ Anmdon, Gazzella, 1922, 52 , i„ 387 ; Mori, J. Chem. Hoc. Japan, 1923, 44 , 

• -Moissan and Lcbcaii, Corrqd. rand., 1900, 30 , 1436. 

Steirikopf and Heroid, J.prakt. Chtrn., 1920, [ii.],’ioi, 79. 
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chloride was oradiially added to the arsenic fluoride and the flask slowly 
warmed to about 80^ C., when the thionyl fluoride distilled into the 
cooled lead receiv'er, wliilst the arsenic fluoride and cliloride and thionyl 
chloride were held back by the reflux condenser. 

Thionyl fluoride has also been obtained in excellent yield by the 
interaction of liquid hydrogen fluoride and nitrogen siilpliide in the 
presence of a little co])per oxide, the reaction being best effected in a 
copper bomb at 100'' C. The gas, which issues on opening the bomb, 
can be collected in a receiver cooled by liquid air.’^ 

The fluoride is a colourless gas which fumes in moist air and has 
a pungent, unpleasant odour, recalling that of carbonyl chloride. It 
condenses at —80° C. to a liquid which on further cooling gives a solid 
of m.pt. —110° C. Its vapour density corresponds with the formula 
SOFo. It is soluble in arsenic chloride, ether, benzene and turpentine. 

IVhen submitted, in a glass vessel, to the electric spark discharge, 
or when heated to 400° C., gradual decomposition sets in, with forma- 
tion of sulphur dioxide and fluorine, the latter giving rise to silicon 
tetrafluoride, and the total change being representable by the equation : 

Si0.-4-2S0F.=SiF4d-2S02. 

When not in contact with glass, e.g. in a tube of platinum, thionyl 
fluoride can be heated to a wdiite heat without appreciable decomposi- 
tion. Water causes a slow hydrolysis : 

SOF,- 2 H.p-HoS 03 -f- 2 HF. 

At highi temperatures hydrogen acts on the gas with formation of 
hydrogen fluoride, water, hydrogen sulphide and free sulphur. Chlorine 
in sunlight, or in contact with charcoal in a glass tube, gives rise to 
sulphiiryl chloride and silicon fluoride. A mixture of thionyl fluoride 
with moist nitrogen trioxide in the presence of silica undergoes chemical 
change with formation of silicon fluoride and nitrosul phonic acid.^ 

Sulphur and phosphorus do not affect the fluoride even at 500° C., 
but hot sodium causes gradual decomposition, with complete absorption. 

Sulphuryl Fluoride, SO^F.^. — This gas was obtained by Moissan 
and Lebeau by heating a gaseous mixture of sulphur dioxide and fluorine 
electrically with a platinum wire. By this method the resulting sulphuryl 
fluoride contains thionyl fluoride, sulphur dioxide and oxygen, the 
sulphur impurities being removable by water and the oxygen by cooling 
to —80° C., which leaves it uncondensed. 

The combustion of fluorine in moist hydrogen sulpliide or the inter- 
action of fluorine and dry hydrogen sulphide in a glass A'essel (tlie last- 
named supplying the nccessarA^ oxygen) also gives rise to a mixture 
of sulphuryl fluoride with thionyl fluoride, sulphur hexafluoride and 
silicon fluoride.^ 

Sulphuryl lluoride is a colourless, odourless gas, which liquefies 
at —52° C. and solidifies in liquid air. melting then at —120° C. 
It is remarkably stable, and dissolves unchanged in water to the 
extent of approximately 1 volume in 10 at the ordinary temperature ; 
alcohol absorbs about three volumes of the gas at the ordinary 
temperature. 

1 Ruff and Thiel, Ber., 1905, 38 , 549. 2 ^nd Thiel, loc. ciL 

^ Moissan and Lebeau, Gompt. rend., 1901, 132 , 374. 
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Clicniically tlie gas is surprisingly inactive. It is unaffected by 
water at laO'" C., but an aqueous solution of ])otassiuni hydroxide 
causes decomposition into potassium fluoride and sulphate : 

It attacks glass at a red heat, giving silicon tetraHuoride and sul})hur 
trioxidc. Carbon and boron are without action on tlic gas at a red heat, 
but sodium at a temperature considerably above the melting-point 
causes gradual decomposition with absorption. Hydrogen sulpliide, 
aided bv heat, attacks both thionyl and sulphuryl iluoridcs, inducing 
decomposition.^ 

Fluorosulphonic Acid, FSC.^fOK). — This was first obtained by 
the addition of anhydrous hydrogen fluoride to sulpliur trioxidc in a 
platinum vessel cooled in a freezing mixture, a slight excess of the 
halogen acid being used and removed subsequently by a current of 
dry carbon dioxide at about 30' C. : “ 

S 03 -hHF-( 0 H).S 0 ,F. 

It is more conveniently prepared by dissolving ammonium fluoride in 
fuming sulphuric acid and heating, when fluorosulplionic acid distils ; 
metallic fluorides may also be used. 

Fluorosulphonic acid is a mobile, colourless liquid, boiling at 162-0"' C. ; 
it possesses only a slight pungent odour, and has little action on the 
dry skin. Distillation is accompanied by only very slight decom|V)si- 
tion, probably into sulphuryl lluoride and sul})huric acid. \Vater 
causes vigorous decomposition : dry glass is but slightl}' affected ; lead 
is rapidly converted into lead sulphate and fluoride, wliilst witii sulphur, 
sulphur dioxide and Iv'drolluoric acid are slowly ])roduced.'^ 

The Fluorosidphomtcs . — Tlie alkali fluorosulphonates mav })e ])re- 
pared by the action of the corresponding hydroxides upon an aqueous 
solution of ammonium lluorosulphonate. Ammonium fluorosul])honatc 
is best obtained by the gradual addition of dry ammoiuum Iluoridcs to 
sulphuric acid containing about TO per cent. SO^, the product beimv 
treated with a slight excess of ammonia dissoUed in methyl alcoiiol.'^ 
Fluorosulphonates can also !)e obtained by lieating together ])yro- 
sulphates and fluorides, either in the dry state or in the presetiee of 
a little water.'' Double decom])osition may also be elfeeted between 
fluorosulphonic acid and sodium cliloride at 230"' C. wit.h formal ion of 
sodium lluorosulphonate. fiuorosulphoiKifc mc-its a.t 2 1-5 ' C 

and reacts readily with gaseous ammonia, partieularlv at low tempera- 
tures, forming liquid ammines. FoIclssuuii Jlaorosul plioiuite mdts at 
311" C., and the rvMdium salt at 304"' C. The liUduni salt forms long, 
shining needles, which contain three molecules oJ‘ watei* of (trystallisa- 
tion, and melt at 60" to 61" C. In tlie anhydrous state the lithium salt 
melts at about 360" C. 

The fluorosulphonates are stable towards water and may be erystal- 
lised^ from this solvent. In the presence ol' mineral acids they arc 
readily hydroly-sed to hydrofluoric and sulphuric acids. In alkaline 

^ yioissan and Lebeau, loc. cit. 

“ Thorpe and Kermann, Trans. Chern. Soc., J8<)2, 63 !J->J 
® Ruff Str., 1914, 47 , 6o2, 0o6 ; Ruff and Braun, ib„L, 1914, 47 , 040 
Iraiibe, Hoerenz and Wunderlich, i 6 /d., 1919 32 IRl l-> 7 -^ 

^ Traube, ibid., 1913, 46 , 2525. 
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solution they are much more stable. They interact with ammonium 
hydroxide, forming chiefly aminosuiphonates. The alkali fluorosul- 
phonates are A-'ery stable towards heat. 

Thionyl Chloride, SOCl^.^ — ^This substance in an impure condition 
was first obtained by Persoz and Bloch in 1849 by the interaction of 
sul]3hur dioxide and phosphorus pentachloridc. Further early investi- 
gations were made by Schiff in 1857 and by Carius between 1856 and 
1861.1 

Freparation. — (1) The reaction by which the substance was dis- 
covered can be effected conveniently by passing sulphur dioxide over 
phosphorus pentachloride, when the resulting thionyl cliloride can 
subsequently be separated from the accompanying jdiosphoryl chloride 
by fractional distillation : 

SOo-hPCls^SOCl.-fPOCls. 

(2) Thiomd chloride can be obtained by the interaction of sulphur 
chlorides with sulphur trioxide : “ 

SCl2-i-S03=SOClo-i-SO.„ 

SCl4-fS03=SOCU-|-SO.‘-fClo. 

It is convenient, however, to use the commoner monochloride, with 
which a similar reaction readily occurs at 75^ to 80" C. ; the sulphur 
produced can be reconverted continuously into monochloride by means 
of a current of chlorine, and the formation of the thionyl chloride can 
be assisted by the addition of suitable catalysts, such as antimony 
trichloride or mercuric chloride. 

(3) Another process which may be regarded in some ways as a 
modification of (2) is based on the interaction of sulphur or sulphur 
monochloride with chlorosulphonic acid in a stream of chlorine, the 
same catalysts as before again being applicable : ^ 

S,Cl3AClo-2Cl.SO,.OH-2SOCF-f2l-IC:i+2SO,. 

(4) Other chemical changes yielding thionyl chloride include tlie 
action of phosphorus ]:>entaehloride on sul|)huryl chlorideM sulpliites 
and thiosulphates ; ^ these processes may be regarded as modifica- 
tions of (1) : 

K .SO 3 -I- 2PCI3 = 2 KCl -U SOCU -r 2 PO Cl 3. 

Thionyl chloride is also formed by the oxidation with chlorine 
monoxide of sulphur in carbon disulphide or eA’cn of carbon disulpliide 
itsellA and in the interaction of carbonyl chloride with sulphur dioxide 
at temperatures above 200° C., 

COCL.-f-SO.^COo+SOClo, 

Avhich reaction occurs readily if the gaseous mixture is passed over a 
suitable contact’’ material, e.g. heated Avood charcoal.' 

1 Persoz and Bloch, Compl. rv.wJ., 1849, 28, 86; Schiff, Annaleti, 1857, 102, 111; 
Carius, ibid , 1858, 106, 303 ; 1859, iii, 93. 

- Michaelis, Btr., 1872, 5, 929 ; Behai and Auger, Ball. Sac. cliim., 1888, [ii.], 50, 594. 

Baver & Co., British Fatent. 27830 (1913). 

^ Michaelis, Ber., 1872, 5, 929 ; Zeitsch. Ghtnu, 1870, [li.], 6, 460. 

Carius, loc. cit. 

^ Wurtz, Cornpt. raid., 1866, 62, 460 ; Schutzenberger, ibid., 1868, 66, 747. 

' Chem. Fabr. Buckau, Gerriian Patent, 284935 (1914). Sec J . Soc. Chera. hid., 1915, 
34, 1092. 
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The spontaneous decomposition of sulphur oxytetracliloride, 
So 03 Cl,i (p. 95), also gives rise to thionyl chlorided 
“ Pjnjdcal ihuptu'/ie^-.—Thionyl chloride is a colourless, retractive 
liquid, of density 1-C76 at 0" C., with freezino-point -l()4-5" CA and 
boiling-point 79 ' C.,^ under atmospheric pressure. The vapour badly 
attacks the mucous membranes and possesses an odour recalling that 
of sulidiur dioxide. Up to loO'' C. the vapour density is normal, but 
above this temperature decomposition sets in, linally causing a value 
only two-thirds of the normal ^ (see the following). 

With respect to its elements, the substance is exothermic to the 
extent of approximately 47200 calories per gram-molecule ; the latent 
heat of vaporisation is 54-45 calorics ])er gram and the s})ecific heat 
at ordinary temperatures is 0-2425.^ When dissolved in benzene or 
chloroform, thionyl chloride possesses practically a normal molecular 
weight,'^ but when used as a solvent it permits ionisation.^ Its dielectric 
constant is 9-05 at 22"'' C.^ ’ 

Chemical Froiierties, — As mentioned before, thionyl chloride is 
decomposed by heat, and at a dull redness it gives chlorine, sulphur 
dioxide and sulphur monocliloride : 

4SOCT2=3CT2+2SO^+S^Cl2. 

Water in the cold causes hydrolysis to sulphurous acid and hydrogen 
chloride, but with hot water some sulphur and sul])liuric acid may also 
be formed : ^ 

SOCl o -I- 2IUO - H,SO 3 + 211 Cl . 

The silent electric discliarge in the presence of liydrogen causes 
transformation of tliionyl chloride into sidpliur monocliloride and 
sulphur dioxide, with hydrogen chloride : 

4SOC1 2 “T STU — b 2b^l2 -|- 2SO 2 -p 0l I Cl. 

At 180^ C. tliionyl chloride converts sulphur into sulphur mono- 
chloride, with simultaneous formation of sulphur dioxide, this chamm 
in all i^robability being dependent on the afore-mentioned liiermal 
decomposition : 

2S0Cl2-r3S=2S2Cl2-[-S02. 

Under similar conditions thionyl chloride reacts with lioth i-ed and 
yellow phosphorus with loimation of pliosphorus trichloride acccjrding 
to the equation : 

4S0Cl2-r2P-2PCl3-|-2S02-hS2Cl2. 

Prolonged heating tends to produce the pentachloride ; 

3PCl3-r4S0Cl2=3PCl5-h2S02 + S2Cl2d^ 


1 Michaehs and Mathias, Ber., 1873, 6, 1452. 

2 Mayes and Partington, Tmus. Cktm. Xoc., PJ2G, p. 2594 
2 M urtz, he. cit . ; Canus, loc. cit. 

^ Heumann and Kochlm, Ber., 1SS3, i6, 1025. 

- 94. 83. <. Oddo, Gazzclta, 190J, Id.]. 31 , 32.>. 

Walden, Zeitsch. anorg. Cheni., 1900, 25, 209 
s Schlundt, J. Bhys. Chem., 1901, 5, 503.’ 

Canus, loc. cii 10 Besson and Fournier, Compt. rend., 1910, 150, .1752. 

earm^, 06 cd. ; also Besson and Fournier, loc. cit.; Xorth and Thomson, J. Amer. 
Chen, ^cc., 1918, 40, 7 M. la ddiomson, loc. dl. 
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At higher teni])eratures phos])horus trichloride reacts ^vith thionyl 
eliloride ^ according to the equation : 

SOCU + SPCU-PCl^d-PSCl^d-POCL, 

Selenium and tellurium are converted into their respective tetra- 
chlorides by thionyl chloride, whilst gold, mercury, bismuth, arsenic, 
antimony, tin and iron give a mixture of the metallic chloride with 
sulphur dioxide and sulphur monochloride,- ibr example : 

2Bi + tSOClo = 2BiCl3-fSXU-i-2SOo. 

Where the metal can exist in two states of valenc\g as in the case of the 
three last-named metals, tlie products depend to some extent on the 
relative quantities of the reagents ; ^ with excess of metal tlie course 
of the reaction is as follows, antimony being taken as a typical case : 

6Sb - eSOCh^ 4SbCl3 -r Sb,S3 - 3SO o, 

whilst with an excess of thionyl chloride this reaction is followed by 
another : 

3SbCl3+4SOCl,-:3SbCl5+SXUd'2SO,. 

Towards metallic oxides the behaviour of thionyl chloride is similar 
to that of sulphur monochloride, which is perhaps hardly surprising 
in view of the course of its thermal decomposition. The reaction is 
fairly general, the oxide being converted into t]:ie corresponding 
anhydrous chloride. From the action of the chloride on zinc oxide 
(at 150" C.), cadmium oxide (at 200° C.), arsenious oxide (up to 200° C.), 
antimony trioxide (at room temperature), bismuth trioxide (at 150° to 
200° C.), ferric oxide (at 150° C.), magnesium oxide (at 150° to 200° C.), 
cupric oxide (at 200° C.) and cuprous oxide (at 200° C.), it may be 
concluded that the main reaction, assuming a bivalent metal, jM, is as 
follows ; 

MO-rSOClo-MCl,-fSO,.^ 

If the metal is ca}:)able of forming a higher chloride, a further reaction 
can occur, e.g. : 

3MCU + 4SOCU = 3MCbid-2SOoi-SXlo. 

Calcium, strontium, aluminium and stannic oxides are not attacked. 

Peroxides react vigorously with thionyl eliloride, forming sulphuryl 
chloride. The metal remains either as chloride or as a mixture of 
chloride and sulphate, according to the proportion of thionyl chloride. 
With thionyl chloride in excess the reaction takes place according to 
the equation (using barium peroxide) : 


BaOo + 2SOClo=BaClo-|-SOo + SOXl 2 , 
whilst with excess of barium peroxide the reaction is : 

2 Ba 02 -r 2 S 0 Cl.-BaClo+BaS 04 +S 0 Xl,. 


^ Hicliaelis, Zdtsch. Chem., 1870, [ii.], 6, 460. 

“ Hcuinann and Kochlin, Btr., 1883, i6, 1625. 

^ Xortli, J. Avier. Cheni. Soc., 1912, 34, 890 ; Xortli and Hageman, ibid., 1910, 32, 184 ; 
Xorth and Conover, Chern. Neivs, 1916, 113, 140. 

Xorth and ILigcman, J. A)iitr. Chem. Soc., 1913, 35, 352. 
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Thionyl chloride has little action on selcniuni at rooni temperature, 
but on lieating gives the tetrachloride : 

2S0CU-hSc-SeC],-rS02d-S. 

With selenium dioxide the reaction is : ^ 

2SOCl2+SeOo=^SeCli + 2S02. 

With tellurium or tellurium dioxide, thionyl chloride gives tellurium 
tetrachloride if SOCdo is in excess, or the dichloride if tlie element or its 
dioxide is in excess. ““ With mercury at 150^ C. in a sealed tube the 
reaction may either be 

Hg-L4SOClo=HgClo-r2SOoClo-rSXlo, 
or 3Hg-rdSOCU = 3 HgCl 2 -r 2 S 62 + S 2 Cl 2 , 

according to the proportions used.^ With mercuric oxide in a sealed 
tube at 160" C. and thionyl chloride in excess, the reaction is : 

I-IgO-5SOCh=HgCl2+3SOXi2 + SXlo. 

If the SOCh is not in excess, the reaction is probably : 

HgO-SOClo-ngCL.-SO.. 

Hydrogen sulphide is gradually oxidised by thionyl chloride, the 
process being greatly accelerated by the presence of aluminium chloride ; 
the products are sulphur dioxide, sulphur and hydrogen chloride, 
together with sulphur monochloride if the th.ionyl chloride is in excess : 

2 SOC 1 . 4- 21-1 oS = -tnci so o 3S. 

2SOCl2-rHoS = S2CU--SOo-'-2HCL- 

When heated in a sealed tube with thionyl chloride at 150"' to 200''' C., 
many metallic sulphides in a similar manner yield the metallic chloride, 
together with sulphur monochloride and sul])hur dioxide : 

MS -r 2SOC1 .> - MTl o -f SO . -j- S .Xd 

Most mineral sulphides may be decomposed by this means, a few 
hours' heating being sufficient in the case of easily decomposed sulphides 
such as pyrites, cinnabar, galena, or])iment, mispickel and stibnite. 
Pyrargyrite, proustite, covellite, sphalerite and tetrahedritc require 
from one to two days, whilst argentite, molybdenite and cobaltite are 
not attacked by thionyl chloride under tliesc conditions.^ 

Pure sulphuric acid gradually yields clilorosu I phonic aedd and |)vto- 
sulphuryl chloride by concurrent independent reactions on trcatinent 
with thionyl chloride.® Xitric acid vigorously oxidises thionyl chloride 
to sulphuric acid, probably with intermediate formation of nitryl chloride, 

^ Lenher and Xorth, J. A,ner. Chun. Soc., 1.907, 29, 39. 

- Lenher and Rill, ibid., lOOS, 30, 737. 

^ Xorth, ibid., 1910, 32, 184. 

Xorth, loc. cii. 

Besson, Com.jjl. rend., 1896, 123, 884 ; 122, 320. 

® Xorth and Conover, J. Amu\ Chun. Soc., 1915, 37, 2480. 

‘ Xorth and Conover, Arner. J. Sci., 1915, [iv.], 40, 64(). 

® Moureu, Cornet, rend., 1894, 119, 337. 
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NO., Cl. In tiic absence of moisture silver nitrate yields nitrosul]3lionyl 
ehloride : 

SOCU+AgN 03 ^N 02 .SOo.Cl-f-AoClU 

As suggested by its behaviour towards sulphuric and nitric acids, 
thionyl chloride is of value as a reagent for the replacement of hydroxyl 
groups by chlorine, and amongst the organic compounds it finds fre- 
quent application instead of the commoner chlorides or oxychloride of 
phosphorus.- 

Even at the ordinary temperature hydrogen iodide is readily decom- 
posed by thionyl chloride, giving hydrogen chloride, iodine, sul]duir and 
sulphur dioxide, but hydrogen bromide undergoes a double decom- 
position with formation of thionyl bromide and hydrogen chloride : ^ 

SO Cl 2 H- 2HBr = SOBr , -f- 2 HCI . 

Thion^d chloride reacts with ammonia giving rise to various complex 
products, the nature of which varies with the conditions.^ AVith amino- 
sulphonic acid at 100^^ C. ammonium chlorosulphonate is formed.^ 

The constitution of thionyl chloride, judged by the various methods 
bv which the substance can be prepared, can hardly be other than 

0 = S\ . and this view is confirmed bv the lormation of sulphoxides 

^cr 

when the substance interacts with organo-magnesium compounds,® 
magnesium phenyl bromide, for example, yielding diphenyl sulphoxide, 
(CgH 3 ). 2 S : 0. On account of the relationship of thionyl chloride to 
sulphurous acid, the molecular structure of the chloride possesses 
peculiar interest. 

Suiphuryl Chloride, SO. 2 CI. 2 . — As would be expected, it is possible 
to obtain an acid chloride, SO 2 CI. 2 , corresponding with sulphuric acid, 
S 02 (OH)o, but the chloride cannot be prepared by the action of phos- 
phorus peiitachloride on sulphuric acid or sulphur trioxide, these reagents 
yielding pyrosulphuryl chloride.' 

FoD/icUion a}id Preparation . — Chlorine and sulphur dioxide will only 
unite under some accelerating inlluence. It was by the interaction of 
these gases in sunlight that suiphuryl chloride was first obtained by 
Regnault in 1838. 

Bone charcoal or activated wood charcoal is a convenient accelerator, 
combination occurring instantly. If the vessel in which the reaction 
is carried out is cooled to 30" C., the suiphuryl chloride is condensed 
and may be drained away as rapidly as it is formed.^ The terpene 

^ Thorpe, Trrtiis. Cheni. Sac., 188:2, 41, 297. 

“ Carms, loc. cit. ; Denham and Woodhouse, Trans. Chern. Sac., 1913, 103, 1861 ; 
Darzens, Conipt. rend., 1911, 152, 1314, 1601 : McKenzie and Ran’uw, Trans. Cheni. Sac., 
1911, 99, 1910; Green, ibid., 1924, 125, 1460; 1926, p. 2198; Majiina and Simanuki, 
Proc. Imp. Acrid. T okyo, 1926, 2, 544 ; Meyer and Graf, Per., 1928, 61, [B], 2202. 

^ Bes.son, loc. cil. 

hlicliaeli.s, loc. rit. ; Sehiff, loc. cit. ; Ephraim and Piotrowski, Per., 1911, 44, 379. 

Ephraim and Gurewitsch, ibid., 1910, 43, 138. 

^ Strecker, ibid... 1910, 43, 1131; Grio;nard and Zorn, Convpl. raid., 1910, 150, 1177; 
Oddo, Gazzetla, 1911, 41, i., 11. 

’ Michaelis, Jena. Aeitsch. Med. Xaturw., 1870, 6, 235, 292 ; compare WiUiamson, 
Annalen, 1854, 92, 242 ; Carm.s, ibid., 1858, 106, 291 ; Schilf, ibid., 1857, 102, 111. 

® Pope, Pec. Trav. cJiirn., 1923, 42, 939 ; also Trans. Chern. Soc., 1920, 117, 1410. 
See also McKee and Sails, Pad. Eng. Chern., 1924, 16, 279 ; Canadian Patent, 251586 (1924) ; 
Danneel, Zeitsch. angew. Chern., 1926, 39, 1553. 
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laydrocarboiis, especially pinenc and linioiiene. also certain etliers, 
phenols and esters, are effective catalysts, as also rs camphor.^ 

^ The formation of sulphiiryl chloride is favoured by low temperature 
and its decomposition by high tem[)crature : 

SOXU. 

Both these reactions are catalysed by the foregoing catalysts. For the 
ellicient preparation of the chloride, the dry reacting gases arc brought 
too’ethcr at ordinal^' temperatures in the ])resence of a catalyst such as 
“ Xoritd' a highly activated powdered carbon. The mixture is then 
cooled to — fO" C. to ensure complete combination, filtered from the 
catalyst and carefully distilled, the heat being applied to the liquid for 
as short a time as possible.- 

At 120 ° C. in a sealed tube boron trichloride and sulphur trioxide 
react with formation of sulphuryl chloride : ^ 

2BCl3-dS03-3S02CU-f-Bo03.S03. 

A convenient method for the laboratory preparation of sulphuryl 
chloride consists in boiling chlorosulphonic acid with about one per cent, 
of mercury or mercuric sulphate under a reflux condenser kept at a 
temperature of T'O^ C. in order to return to the flask any unchanged 
chlorosulphonic acid : 

2 Cl.SOo.OI-I-SOXl.>-rHoS 04 . 

Any unchanged chlorosulphonic acid in the distillate can be removed 
by making use of its much more rapid hydrolysis with ice-cold water, 
the residual liquid being dried and redistilled.'^ 

Physical Properties. — Sulphuryl chloride is a colourless, fuming 
liquid, with an extremely pungent odour. 71“'' = 1*6074 ; — 1 - 4437 . 

It boils at 69-1° C. at 700 mm. pressure, and freezes at —40° C.^ The 
vapour density is normal at first, but when the chloride is kept, even 
at 100 ° C., its vapour commences to dissociate into sulphur dioxide 
and chlorine. At 200 ° C. dissociation is almost complete.^ When 
dissolved in benzene the substance shows a molecular weight corre- 
sponding with SO 2 CI 2 . At ordinary temperatures the specific heat is 
0*233, the latent heat of evaporation 52*4 calories per gram, and the 
heat of formation from the elements approximately 89,540 calories per 
gram-molecule.'^ The dielectric constant at 20 ° C. is 8*5.® As a solvent, 
the ebullioscopic constant of sulphuryl chloride has been found to have 

1 Boake, Roberts & Co., Ltd., and Rurrans, BrilL^h Patent, J 24542 (1918); Rurrans, 
J. Sac. C'hem. Incl., 1926, 45, 347 T ; also Cusmano, Atii IL Accad. Lincei, 19J.S, [v.], 27, 
ii., 201 ; Gazzetta, 1925, 55, 218. 

- Terlinck, Chern. Zeit., 1928, 52, 901, 944. 

^ Gustavson, Ber., 1873, 6, 9. 

^ Bert, B'dL Sac. cUm.^ 1922, [iv.], 31, 1264 ; Riill, Ber., 1901, 34, 3509. 

Paw'lewski, Rer., 1897, 30, 765 ; Behrend, J. -pruht. Cheni., J877, pi.], 15, 23 ; Ogier, 
Compt. rend., 1882, 94, 82. Lor general physical properties, sec Walden, Zellsch. anorg. 
Chern., 1900, 25, 209 ,* Beckmann, ibid., 1912, 77, 90. 

Heumann and Ivdchlin, Ber., 1885, 16, 602. The cdect of subjecting the system 
SO2CI2 - 862— Ch to the action of light rays of different 'vvavedengths — absoi'bed only by 
one or other of the components — has been in\'esti"ated by Le Blanc, Andrieh and Kangro, 
Zeitsch. BleJdrochern., 1919, 25, 229. ^ » 

" Ogier, loc. cit. ; Thomsen, Ber., 1883, 16, 2613. 

s Schlundt, J. Physical Chern., 1901, 5, 503. 
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tlic value 45 ; salts dissolved in the chloride are found to undergo 
ionic dissociation.^ 

Chemical Properties.— At a dull red heat sulpliuryl chloride vapour 
is completely decomposed into sulphur dioxide and chlorine. At 
320'^ C. the reaction appears to be of the first order, proceeding entirely 
in the gas phase ; at lower temperatures, however, reaction takes place 
on the wall of the containing vessel.- 

Water causes sulphuryl chloride to decompose into sulphuric and 
hydrochloric acids, ^ but with only very little water, or better, with 
sulphuric acid, chlorosulphonic acid is obtained : 

S02Clo-2lIo0-ProS0^-j-2PICL 

SO,C1o+H2SO,-2C1.SOo.OH. 

At 200" C. sulphuryl chloride converts sulphur into monochloride, this 
result probably being preceded by dissociation of the sulphuryl chloride 
into chlorine and sulphur dioxide. In the presence of aluminium 
chloride this reaction can be effected even at the ordinary temperature, 
and aluminium chloride is known to favour the dissociation of sulphuryl 
chloride : 

S02CL2-i-2S=S2Cl2-fS0.2.4 

In the presence of aluminium chloride, iodine also reacts easily with 
siilphurvl chloride : ^ 

S02Clo-2l = S02+2lCl, 

2S02Cl2-k2lCl = 2S02 + 2lCl3. 

Hydrogen sulphide is attacked according to the equations : 

II oS -f SO oCI 0 = 2HC1 4- SO . A S. 

whilst hydrogen bromide and hydrogen iodide are acted upon vigorously 
with formation of sulphur dioxide and the free halogen : 

S02Cl2~2HBr-S02+Br2-|-2lICl. 

Phosphorus (red more readily than yellow'), arsenic, antimony, 
mercury, iron, gold and platinum arc converted into chlorides, Avith 
liberation of sulphur dioxide, c.g. 

Rg~-r^OoCU=RgC\.ASO, : 

Avitli t]}c mercury in excess : 

2Hg A SO 2 CI 2 - 2I-Ig€l A SO 2 ." 

In ether solution sulphuryl chloride reacts Avitli zinc, giving zinc chloride 
and zinc sulphoxylate, ZnS 02 . 

^ Walden, loc. cit. ; Beckmann, loc. c.U. 

“ Smith, J. A?nf:.r. Chem. Soc., 192d, 47 , 1862 ; cf. Hinshchvood and Prichard, Trans. 
Cham. Aoc., 1928, 123 , 2727. 

^ Tiionisen, Be,/-., 1883, 16 , 2613: Carrara, Gazzetla, 1901, 31 , i., 450. Bacyer and 
Villiyer {Ber., 1901, 34 , 736) have described a hydrate SOXk.lolUO, the existence of vliich, 
however, is doubtful. 

Rulf, Ber.. 1 9< ) 1 , 34 , 1749 ; 1902, 35 , 4453 ; Xorth and Thomson, J. A rner. Cheni. Soc.^ 
1918, 40 , 774. 

^ RuiT, loc. cit. 

Xorth, Bull. Soc. chira., 1911, [iv.l, 9 , 616, 
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Phosphorus pentachloride effects a gradual removal of one atom of 
oxygen from sulphuryl chloride, with formation of tliionyl chloride, 

PCl5-SO,Clo=POCl3-rSOCl2-rCh, 

whilst phosphorus trichloride yields the same products, excepting 
chlorine. 

Lead dioxide is converted vigorously into lead chloride and sulphate 
by the vapour of sulphuryl chloride, oxygen being liberated, whilst 
mercuric oxide (red at 160" to 180 C., yellow at 150" C.) with excess 
of sulphuryl chloride gives mercuric chloride and sulphur trioxidc : 

PIgO - SO oCl 0 = li gCl o - S 0 3. 

With excess of mercuric oxide, mercuric sulphate is also formed. ^ 
Selenium is attacked rapidly by sulphuryl chloride : 

Se-:-2S0,CU-SeCl,-i-‘2S02. 

The chloride has no action on selenium dioxide even at high temperatures 
or under great pressure.- Sulphuryl chloride reacts with tellurium ; 
with the sulphuryl chloride in excess the reaction is : 

Te i- 2SO 2 CU = TeCl 4 d- 2 SO 

whilst with the tellurium in excess, TeClo is obtained. Tellurium dioxide 
is not acted upon in the cold, but when heated in a sealed tube with the 
chloride a varietv of crvstallinc products mav be formed : 3TeO o.4SO Xlo 
5TeOo.9SOoClo, TeOo.^SO.Clo. and 2TeOo.5SOXU. “ “ 

The reaction between sulphuryl chloride and ammonia is conijjlex, 
various products being obtained under dilTcrent conditions ; th:c'])ro- 
ducts include iminosulphamide, XH 2 .SO 2 .Nir.SOo.NIi.,, wliich ])eh,aves 
as a monobasic acid, trisulphimide and sul])homcli(le, ])oth ac.iclic 
substances of composition (S 02 .NH’) 3 , and sulpluimide, SO., (NIL,).,, 
which is also acidic.'^ 

Like thionyl chloride, sulphuryl chloride is able to renlacc the 
hydroxyl groups of organic substances by chlorine. ’ 

Constitution . — In view of the possibility of scxavalcnt sulphur, as 
demonstrated bv the existence of sul] 3 hur liexalluoricie, there is verv 

O,^ /Cl 

little diflicultvin accepting the formula LSy for sulpluuud cldoridc 

iY \C 1 

Sulphur Oxytetrachloride, SoOoCli.— During the preparation of 
sulphur monochloride, MilloiW in 1888 obtained a substance whicli he 
described as a cry.stallinc sulplmr chloride; its hnonatioii was due to 
the presence of moisture during the action, and similar ervstaJs can 
be formed by introducing a little sulphur monochloride into a llask 
filled with moist chlorine. The composition of the crystals lias since 
been shown to be represented by S.,0.>Cl.i. 


^ Xorth, J. Aw.er. Chem. Soc., 1910, 32. 184. - 

" Regnault, Ann-. CJnm. ISILS, 69 170 • 

3430 ; 1905, 38, 1023 . Ephraiin and APhcl ArJ 
2900. - - 


Lcnlior and XoE'th, ih'xL. 
Hantz.sch and oilicrs, // 
190!), 42, .38.33 ; JOuf, 


\ 907, 29, 33. 

1901, 34 , 
'/., 1 903, 36 , 


■’ y.Ib.'iTad and Boal^c, lioberts & J.td.. lirilish Pal, ,,/ 
C/,fw.pc ]!)22. 121 , 101a; l!)2r,, 127 , d«77 ; j)urmn.s rtb/., Ill 
bbah J Jnd Cut,,,.. ,,oc., I!)d7, 4 , 11 ; Baumaiartcii, 1027, 

^ mtlon, Cujiqji. rend., 1838, 6, 207. 


)23, 123 
60, [LJ, 


,) (!!)25) 
, 1 1 2-1 ; 

I 17-1. 


Xaik and 
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A more conxxnicnt method of preparation ^ is to pass chlorine into 
a mixture of sulphur moncchloride witli a bimolecular proportion of 
chlorosulphonic acid at —15'^ C.. until solidification occurs. Probably 
sul|)liur tetrachloride is first formed and then reacts with the chloro- 
sulphonic acid : 

SCl,--Cl.SOo.OI-I--CLSO,.O.SCl 3 ~ITCl. 

Sulphur oxytctracliloridc - is a pungent, colourless, crystalline solid * 
of m.pt. 57^ C., with decomposition. Even wlien kept at the ordinary 
temperature it gradually liquefies on account of decomposition into 
tliionyl and sulphuryl chlorides ; if decomposed rapidly at higher 
temperatures, the latter compound is naturally accompanied by or 
eu'en replaced by its dissociation products.^ 

S,03Cl4-S0Cl2 + S0Xh. 

Treatment witli water causes hydrolysis to sulphuric and sulphurous 
acids, together with hydrochloric acid : 

So03Cl,,--r-tTl20 = lT2S03-rH2S0^-7-4HCl. 

Sulpliuric acid reacts with sulphur ox\d:etraehloride as with sulphuryl 
chloride, yielding chlorosulphonic acid. 

In accordance with its reactions the constitution of sulphur oxy- 
tctrachloride must be regarded as represented by CLS02.0.SCl3.^ 

Pyrosuiphuryl Chloride, S2O5CI0. — Rose first pre])ared this sub- 
stance in 1 808 by the intera,ction of suljdiur trioxide and sulphur mono- 
chloride. It is formed by the action of maiiy chlorides on sulphur 
trioxide ; sulphur moncchloride,'^ thionyl chloride,'' silicon tetrachloride,^ 
pdiospliorus pcntacldoridc,' ])hos])horus oxychloride,® sodium chloride ^ 
and car])on tetracl'iloride all yield the desired product when treated 
with sulphur trioxide at a suitable temperature. With sodium chloride 
a mixture of }Dyrosu]p]iuryl cliloridc and sodium pyrosuhpliate is obtained, 
wlvilst with the cxce})tion oi‘ (aiEocn tetrachdoride and phosphorus 
pentachloride, which are converted into oxychlorides, all the remaining 
chlorides arc clianged into oxides : 

5SO 3 S .,C1 = S A),C1 > ~ 5SO o ; 

2SO.-rSdCU-S:()3CU-^SOo ; 

2S6.. + PC 1 ,-S., 03 CU-P 0 C 1 .. : 

GSO 3 2POCI3 - 8S oO^Cl .> H - R0O3 ; 

2SO3 t-2SiCli-SACd~rSiodCl„ 

Ibl lo wee I by GS O 3 ~ Si ..OCl;. — 8S .^O^Cl .2 H - 2SiO o ; 

•1 S d o -- 2 N aC 1 -- S ,d 3C 1 .> -h Xa. o S .X 7 ; 

2863 - CCI , - S ./)X1 .dr COCl 


Hicliacii.s and Sehinerdecker, Bi r., ISTo, 6 , 99G ; A n naleri., 1875, 170 , 22. 

- ?vli(:hac*lis and Bf-r., 187,8, 6 , 1472. 

3 ()o]er {Cornjjf. rend., 1882, 94 , 44G) de.scribod a .^iib.stanee a.s an oxy tetrachloride of 
the formula bur ii ha.'^ been .sliown by Knoll (nVr., 1898, 31 , 2188) that tlii.s product 

wa? in all probability a mixture of sulphuryl, ihionyl and .sulphur chlorides. 

Rose, Ann. Phy-^. Chon., 1838, 44 , 291. 

^ Hichacdis, Zeiisrh. C}<on. I'hyn. N(dh., 1871, 7 . 140. 

Gustavsoii, JA r., 1872, 5 . 332 ; .Sauaer and Rieyel, Zeil.xdt. nnhry. Choji., 1913, 80 , 

' R ()s.(‘^ Inc. of. 

^ Michaehs, lo-. of. •' Roseiist lelil, Co//ipf. ir nd., ISGl, 53? G58. 

Armstrong, J. prakl. ('hon., 1870, [in!, i, 244; Sclmt/a-nbi-racr, Corinjd. rend., 1869, 
69 , 3.>2 : Rrud'homme, Bull. Sac . ntini 1870, 14 , 383 ; Saniier and Riegel, Zeiiseft. anorg. 
Chem., 1912, 76 , 79 ; Prandtl and Borinski, Ibvd., 1909, 62 , 24, 237. 
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Tlic most convenient process is to add a mixture of sulphur trioxide 
and fumino’ sulpluiric acid gradually to hot carbon tetrachloride, the 
product bemg purified by fractional distillation, followed by treatment 
with sodium chloride to remove any chlorosulphonic acid and subsequent 
redistillatioip,! preferably under reduced pressure. Fuming sulphuric 
acid reacts with carbon tetrachloride at 150“ C. with formation of chloro- 
sulphonic acid and carbonyl chloride. The chlorosulphonic acid then 
reacts with more carbon tetrachloride thus : 

CCLid- 2 S 03 HCl = SACl2+2HCl-rC0Cdo.-' 

When chlorosulphonic acid is dehydrated by the action of phosphorus 
pentoxide ^ or pentachlorided pyrosulphuryl chloride is obtained : 

CLS03.0H-C1.S0.2.0.S0.X1-H.,0. 

P\Tosulphuryl chloride is a colourless, rather viscous liquid, which 
in the air fumes less strongly than sulphur trioxide. It boils at 152“ 
to 152-5^ C. under 7G6 mm. pressure, at 57“ C. under 30 mm., and at 
52° C. under 15 mm., without appreciable decomposition if dry.^ 
dI= 1-87-2, D'-^ =l-8S7 ; m.pt. =-37-5" to -37^ 'C.; nn=i.449. 
From vapour density determinations it is known that at 180° C. the 
molecular weight is normal but that at higher temperatures decom- 
position occurs. The liquid chloride is exothermic with respect to its 
elements, the heat of formation, according to Ogier,^ being 159,400 
calorics, but according to Konowalov ^ 188,200 calories. The specific 
heat of the liquid is 0*258, and the molecular heat of vaporisation 
according to the last-named investigator is 7550 calories, a figure more 
in accordance with Trouton’s Rule than the high value of 13,160 calories 
given by Ogier. 

When passed through a red-hot tube the vapour is almost entirely 
decomposed into sulphur dioxide, sulphur trioxide and chlorine. 
Vapour density determinations at various temperatures, and analyses 
of the decomposition products, indicate that decomposition proceeds 
according to the equations : ^ 

SACl 2 -S 03 -fSOo+Clo, 

and SoOA 2=^^)3+80201 2, 

the former reaction occurring to a small extent at 200° C. in the presence 
of sulphur dioxide and chlorine, but giving place at higher temperatures 
to the second reaction, when 

S02CL2::^S0.2 + Cl2 

follows and decomposition is complete at 360° C. 


Soc 


12 s 


' Sanger and Riegcl, lor. cii. 

- Manguin and Simon, Coinpt. rend., 1010, 169, .34 ; also Lepin, J. Eu.ss. Ffiys. Chctn. 
., 102U, 52, 1 ; Grignard and Miiret, Cornpt. rend., 1026, 183, 581. 

- llillnz and Hcuniann, Ber., 1883, 16, 483 ; Konowalov, Cornpt. rend., 1882, 95, 


' Michac-lis, Joe. ril. 

^ Konowrdiov, h)C. clt. ; Besson, Compt. tend., 1807, 124, 401 ; Sanger and Rienel. Joe. 
at.: Prandtl and Borinski, /or. cd. ; Grignard and Muret, /oc. c//. 

Oa'ier, Compf. a nd.. 1882, 94, 82. 

■ Konowalov, B< r., 1SS3, 16, 2620 ; Conpf. rend., 1882. 95, 1284, 

^ Grignard and Oluret, loc. clt. 
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The liquid cliloride is only gTadually attacked by water, giving 
sulphuric and hydrochloric acids, but if the relative quantity of water 
is very small, two reactions occur, ^ 

So05C1.-^Ho0=2I-ICI0+2S0o, 

SOo + 2HC10=H,SO,-fClo, " 

such solutions having oxddising properties. 

Like sulphuryl cliloride, pyrosulphuryl chloride can convert many 
elements, e.g. sulphur, phosphorus, antimony and mercury, into the 
corresponding chlorides, with simultaneous formation of sulphur dioxide 
and trioxide. ^ In the reaction between p\n*osulphuryl chloride and 
phosphorus pentachloride or trichloride, there are obtained phosphorus 
oxychloride, sulphur dioxide and chlorine. 

Pyrosulphuryl chloride is not miscible with sulphuric acid, but when 
sealed together in a tube the two liquids become homogeneous in the 
course of a few weeks, the sulphuric acid undergoing dehydration ; ^ 

S205C1o+IIoS04=:2C1.SO,.01I-|-S03, 

Hydrogen bromide, iodide and sulphide arc oxidised to the corre- 
sponcling elements, various reduction and hydrolytic products of the 
pyrosulphuryl chloride being formed at the same time. Phosphine also 
causes reduction of pyrosulphuryl chloride with production of sulphide 
of phosphorus.^ 

With chromates, chromyl chloride is produced : ^ 

K oCr 0 4 + S .O 5 CI . = CrO XI , X K oS . 

Selenium is oxidised to a selenium sulphur oxytetrachloride.^’ 

From the chemical behaviour of the substance and especially its 
relationshi]! to chlorosulphonic acid, it is evident that ])yrosulphuryl 
chloride may be regarded as chlorosulphonic anhydride, CI.SO.>.O.SO.,.Cl. 
Grignard and ]^Iuret consider that the properties of the compound are 
best accounted for by the formula 


S(:0)(0C1).0.S(:0)(0C1). 


Chlorosulphonic Acid, Cl.SOo.OH. — In 1851 the discovery of 
clilorosulphonic acid by Williamson, by the interaction of hydrogen 
chloride and sulphur trioxide, was of especial interest. Ideas of valency 
were immature and undeveloped, and for the systematisation of the 
knowledge of organic and inorganic com])ounds reference was made to 

in 

various types such as IICl, and H J>-X, from which otlicr sub- 


stances could be regarded as derived by substitution of one or more 
of the hydrogen atoms by other atoms or otou]:>s of atoms. Chloro- 
sulphonic acid Avas the first example of a compound derived simul- 
taneously from two types, namely from hydi\)gen chloride and water 
by the replacement of a hydrogen atom from each by the groiq) SO.,. 


^ Grignard and Mured, Compt. re/i.d., 11)2(3, 183 , 7113. 

- Heumann and Kochlin, ISS3, 16 , 479 ; iles.son, loc. ciL ; Prandtl and l^onnski, 

/oc. dt. 

^ Sanger and Riegct, loc. dt. 


Be.^>;on, lor. dt. 
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The {b]lo^villg methods arc avaiJabie for the preparation of cliloro- 
siilplioiiic acid : (1) The substance can be obtained by the gradual action 
of moisture (e.g. atinosplieric moisture) on sulphuryl chloride : a similar 
reaction occurs with sulphuric acid and is more easily regulated : 

SOoClo+iToO=CLSO..OH-hnCh 

SOoCU-fIT2SO,-2Cl.S6..01i' 

To the former reaction is also to be ascribed the formation of chloro- 
sulphonic acid when moist chlorine and sulphur dioxide are passed over 
platinum at a red heatd 

(2) Concentrated or fuming sulphuric acid also gives rise to chloro- 
siilphonic acid when treated with phosphorus pentachloride : - 

H,SO,-PCl5-CLSO,.OH-POCl3d-HCl; 

other acid chlorides such as phosphorus oxychloride,^ ])hosphorus tri- 
chlorided sulphuryl chloride (sec before), pyrosulphuryl chloridce^ 
sulphur oxy tetrachloride, 6 and even sulphur monochloride, ^ give a 
similar result. 

(3) Even chlorine alone will act on sulphuric acid, giving chloro- 
sulphonic acid,' as also will hydrogen chloride on sulphur trioxidc ^ or 
on a mixture of sulphuric acid and phosphorus pentoxideA Indeed, 
the interaction of hydrogen chloride and sulphur trioxide in the presence 
of sulphuric acid provides the most convenient method ibr preparing 
chlorosulphonic acid, the product being purified by distillation in an 
atmosphere of hydrogen chloride, followed by fractional crystallisation : 

Clo-f H^SO i^Cl.SOo.OII-rHCl ; 

hci-so3=clso;oi-l 

Chlorosulphonic acid is a colourless fuming liquid of sharp, un- 
pleasant odour. It boils at 15E^ to 152-5" C. at 765 mm., or at 74" to 
75'''C. at 19 mm., and it melts at — 8l"to — 8()''C.; D',’ =^1*784, 74“^’ — 1-753A1 
At the boiling-point the vapour density is iiormaL but marked dis- 
sociation occurs at higher temperatures, e.g, at 200' C., with formation 
of sulphur trioxide and hydrogen chloride.^- Referred to solid sulphur 
trioxide and gaseous hydrogen chloride, the formation of chloro- 
sulphonic acid is exothermic to the cxteuit of 14.-4 Calories per gram- 
molecule : the specihe heat at ordinary temperatures is 0-282 and the 
latent heat of vaporisation 12-8 Calories per gram-molecule. 

l\hen heated strongly, the vapour of chlorosulphonic acid undergoes 
decomposition into sulphur trioxide and hydrogen chloride o\\ at 


^ Kailton, Trarts. Chen). Soc., 1869, 7, ii., 183. 

- IVilliamson, Proc. Roy. Sor.., ISoO, 7, 11 ; 1861, 53, OnS. 

^ MichaelLs, Zei(.--ch. Chain. Rhy.<. Math., 1871, 7, ii., 149. 

* Geuther, /*r., 1S7 l>, 5, !)2r>. ' Sanoc-r and « nt. 

Bilbtz and Meuinanii, Pkr., JSS3, 16, 602. 

- :i-5eckun-z and Oito^ n'.n/,, IS7l>. 5 , <( 2 .-; ; 1878, Ii, 20.-.8 ; Belirend, dnd., 187 .-), 8 . 1004 ; 

., l87b, 6, 111 ; W illiaiiis, 7 lan.^. (Puan. Hoc.. 18()9, 22, li., 30-j . 

^ Williamson, lor. cif. 

Wuller, l(>c. cit. 

Sanger and Kuyef, Zeikeh. anora. Chrm., 75^ 7(), 

Sanger ajid Jliege], hx). cit. Haa ako Wicdjacli^’ tor dl 

IS, 410 : ISS.'i, i6, (iOi ; K.uinisl afk, Amiahri. 

^ r ra - 1883. 96, 646. 

Willjamson, J mne. Chem. ibne., 1869, 7, in, 304. 
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liitclier teniperatures, into sulphur dioxide, sulphuric acid and clilorine : ^ 
under suital)]e conditions, at 180'' to 210" C, in a sealed tube or 
es]X‘eia]lv readily in the presence of certain catalysts - such as mercury 
or ]]KTCuric cliloride, platinum chloride, copper, iodine or sulphur, the 
ii(}uid substance undergoes disruption into sulphuryl cliloride and 
sulpliuric acid.^ 

Water causes very ^dgorous hydrolysis to sul]iiliuric acid and hydrogen 
cliloride, the action being much more rapid than with pyrosulphuryl 
chloride : ’ 

Cl.SO,.OH-l-HoO-HCUfSOo(OH)o. 

Hydrogen sulphide is readily decomposed by cldorosulphonic acid 
with formation of sulphur, sulphur monociiloride and sulphuric acid ; 
the reaction may be expressed as 

211.8 -b2Cl.SOo.OH=SoClo+2HoO + S-bH2SO,, 

ljut is probably more complex. 

Chlorosulphonic acid possesses a strong chlorinating power and 
coiumrts sulphur, pliosphorus, arsenic, antimony and tin into the 
corresponding chlorides, sulphur dioxide together with sulphuric and 
hydrochloric acids being simultaneously produced.^ With sulphur and 
with yellow phosphorus interaction occurs at the ordinary temperature, 
often becoming uncontrollable with the latter element. 

Hhth sulphuric acid and phosphorus pentachloride, respectively, 
fuming sulphuric acid and jD^nosulphuryl chloride are obtained ; in 
the latter case the effect is one of delwdration, and a similar result is 
producible with phosphorus pentoxide : ® 

Cl.S0o.0HJHI.S0^ = 0(S0...0H).4-IICl : 
2Cl.S0..0H-bPCl5-0(S0Xl),-bP0Cl,-f2HCl: 
2Cl.S0..0H-i-P205-0(S0,Cl)od-2lip63. 

Potassium sulphate, when warmed with chlorosul]:)honic acid, yields 
yotas-f^iiiDi pijrosul^yluite,^ the reaction being a,.nalogous to that of sulphuric 
acid with the chloro-acid ; silver nitrate is vigorously converted into 
silver chloride, with concurrent formation of nitrosulphonic acid.^*^ 

At the ordinary temperature chlorosulphonic acid dissolves sodium 
chloride, displacing hydrogen chloride and forming sodium chloro- 
sulphonate,^' this reaction being due to its a.cidic nature. It is of interest 
that cu'iDnoniiiDi cMorosulphonate can be synthesised by the action of 
sulphuryl chloride on aminosulphonic acid at 100" C.^- 

^ Clausnizer, Joe. cit . ; Beckiirtz and Otto, Joe. cif. 

“ Rnit, jjV'/-., 190J, 34, 3o09. 

2 Behrend, ib/cL, lS7d, 8, 1004. 

For the use of this reaction in the determination of ehlorosulphonic: acid, see ^VeIssen- 
bereer and Zoder. Zelt^ch. anal. CJie.ni., 1922, 6i, 41 ; -Mavr, Zcltnch. anorq. Cham., 1924, 
136,' 238. 

^ Brinz, Annfileri, 1884, 223, 371. 
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The simple acidic nature of clilorosulphonic acid is also manifested 
in the existence of corresponding ethereal salts, the etlujl easier Cl.SOg. 
OC0H5 beina obtainable indirectly by the action of phosphorus penta- 
chlonde on" ethvl hydrogen sulphate (ethylsulphuric acid), CJT^O. 
SO, .OIL or by the interaction of sulphuryl chloride and ethyl alcohol : 1 

CJ-UO.SO,.OH-PCl5-CLSO,.OC,H,~POCl3-;MlG 
' SOX]:-rC,H 30 H = Cl.SO;OC,H,^lICl. 


From its general behaviour it is clear that clilorosulphonic acid is 
closely related to sulphuric acid. Like the latter acid, but with more 
vigour, it attacks aromatic hydrocarbons with formation of organic 
sidphonic acids of the structure R.SOo.OIT and sulpha lies of the structure 

Rx 


>80,, where R represents an aromatic organic radical such as plienyl 


W 


(CgHs)." From these and other reactions the conclusion may be drawn 
that in clilorosulphonic acid the chlorine atom must be directly attached 
to sulphur, and therefore that the constitution must be represented as 


0 . mi 

Xc/ 

0 ^ \ci 


Thionyl Bromide, SOBr.^. — This analogue of thionyl chloride is 
best prepared by the prolonged action of hydrogen bromide on thionyl 
chloride : ^ 

SOCl 2 +2l-IBr = SOBr ^ +21101. 

Sodium bromide or aluminium bromide may be used instead of hydrogen 
bromide,'^ 

It is an orange-yellow liquid, density 2-C07 at 15" C., b.pt. 45° C. at 
22 mm., 68° C. at 40 mm., and 138° C. (with decomposition) at 773 111111. 
It decomposes slowly at the ordinary temperature, more rapidly on 
heating, yielding sulphur monobroniide, sulphur dioxide and free 
bromine : 

4SOBr 2 = S oBr ,+280, -h 3Br 

It is readily hydrolysed by wmter. It reacts with organic acids to 
form acid bromides. iMercury decom]ioscs the vapour wdth formation 
of suljihur dioxide. 

The liquid appears to contain associated molecules, as the following 
data indicate : molecular weight, 234 to 24G ; surface tension, 43-71 
dynes per cm. at 17° C. ; Trouton coefficient, 25-2. 

Besson,^ when preparing thionyl bromide by the action of boiling 
thionyl chloride on hydrogen bromide or aluminium bromide, claimed 
to have isolated the intermediate compound, tliioujjl cl dor obr amide, 
SOClBr, a more volatile liquid than thionyl bromide and tlicrelbre 
separated from it by distillation under reduced pressure. The product 
isolated was a yellow liquid, density 2-31 at C., boiling wdth slight 

^ Bushong-, Anu-r. Chdni. 1903, 30, 212. 

-Muller, loc. cit. ; de Purgold, Her., 1873, 6, 302 ; Cl;uusson, ./. jjraL'/. 1870, jn. j, 

19, 231 ; Bauuistark, loc. cAt. 

^ Maye.s and Partington, J. ChcAd. Soc., 1926, p. 2594. 

Hartog and Sims, Chcjn. Neics, 1893, 67, 82. 

^ Besson, Compt. rend., 1S96, 122, 320 ; 123, SS4. 
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decomposition at 'll 5*^ C. Mayes and Partin o-tonU however, could 
obtain no evidence of sucli an intermediate com])ound in the product 
fromi tlie bromination of tliionyl cldoride. The ])hysical properties of 
tlie product were similar to those of a mixture of tliionyl chloride and 
tliionvl ])romidc. Moreover, the boiling-] 3 oints of mixtures of the two 
com]wunds rise evenly from that of the chloride to that of the bromide, 
whilst the freezing-point curve of such mixtures is a smooth mixed- 
crvstal curve. gi\'ing no indication of the existence of any intermediate 
compound. 

The remaining compounds of bromine and all those of iodine corre- 
sponding with thionyi and sulphuryl chlorides and chlorosulphonic acid 
arc eitlmr unknown or their existence is very doubtful. There is no 
reaction between sul]diur dioxide and bromine analogous to that by 
whicli sul])]iuryl chloride is formed from sulphur dioxide and cldorine ; 
this is true between 100'' and 200" C., both in tlie dark and under strong 
illumination, also in the presence of likely catalysts. - 


Sulphur axd Oxygex. 

Judging from the valency of sulphur in its hydrogen compounds 
one miglit expect at least one oxygen compound of bivalent sulphur. 
Such a substance is not known in the free condition although indications 
of its possible existence have been observed. Attempts to prepare it by 
heating tiie sesquioxide, SoO^, in vacuo have not been successful.^ The 
oxygen derivatives of Ihgher valency arc more stable and several are 
known in the free state. An oxy- or hydroxy-deri\'ati\'e of bivalent 
sulphur occurs only in certain organic compounds of general formula 
R.S.OTL These compounds, which have acidic properties and are 
termed sulpJienic acids, are generally unstable. Tliey are derived from 
the unknown ])arent substance H.S.OH, which may be termed thio- 
hydroperoxide.-^ 

SuljJmr is ]')robably present in the quadrivalent condition in the 
organic compounds known as tlie suJphoi'ides. wliicli have the general 
formula R — S — R. The sulphur atom exists in a similar condition in 


O 

the alkvl sulphites (the true sulphites), which have the general formula 

.OR 

O — . where R represents an organic radical. Tlie metallic 

^-OR 

sulphites, liowever, appear to contain scxavalent sulphur, although 
sulphurous acid behaves under dilferent conditions as if it possessed two 
distinct structures, namely, 


.Oil 

O = Sy and 

^OH 


O -OK 

bs<; 

0'^ \l-I 


containing quadrivalent and scxavalent sulphur, resj^ectively. 

^ Mayes and Panineton, /oc. cit. - Traiitz, Zcitsch. Ehidrochem., 1915, 2i, 329. 

Sec Voael and Partington, Tran.s. Chem. Soc.. 1925, 127, 15] 4. 

Fries, her., 1912, 45, 2905 ; Zincke, Annalen., 1912, 391, 55 ; Gutmann, Ber., 1908, 
41, 1650, 3351 ; Fromm, ihid., 1908, 41, 3397. 
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Sexavalent sulphur is the most stable form of coinbincd sul]diur. 
Various hydroxy-derivatives arc knowm. The lowest is the uuisolated 
stdpiiorijHc acid HoSOo. of whicli tlie zinc salt has beeii obtained by 
the action of zinc dust on an ctlier solution oT sulphur vl chloride'^ 

The structure of this sul:>stancc ap])ears to be , both ifoin its 

nietliod of rorination and iVom the ready conversion of its zinc salt into 
a sulphone. which class of organic substance is recognised as eontainincr 

O., /R " 

sexavalent suljduir and liaving the general constitution JSd . It 

o- \r 

is quite possible that the free sulistancc niiglit also exliibit tauto- 
merism ” (dynaniic isomerism) and behave in some reactions according 
to a structure IT — S — Oil (of whicli the salpldaic acids, R. SO. Oil, are 

i; 

0 _ 

derivatives) or even HO. S. Oil. The best known derixxitive of the acid 
is sudden?- (see p. 228 ), and this compound on 
hydroh'sis with dilute sulphuric acid yields hydrogen sulpliidc and 
sulphurous acid.- 

Sodluni Sulphoxylate, NaoSO.^, maybe obtained by tlie action of 
sulphur sesquioxide (p. 221) on sodium ethoxidc ; on tlie addition of 
sulphuric acid to tlie mixture, sodium etliylsulphoxyiate, Xa.C2H5.SOo, 
is first formed, wliieli, wlicn kci)t overnight, nndcrgocs liydrolysis. The 
solution, acidilied with more dilute sulpliuric acid, tlien yields the 
recj[uircd sodium salt as a white precipitate wideli may be separated 
and dried over ])hosphorns pentoxidc.^ The salt is fah'iy stable and 
may be heated to 110'' C. witliont cliangc : on exposure to air. liowever, 
it turns yellowish-brown. It is readily soluble in liot water, nnattacked 
by hot mineral acids, but dccom])osed by a iiot mixture of fuming 
nitric acid and bromine. 

The hy dr os id 'pi dies, I\i2So()i, may h(‘ regarded as deeriwd siinultanc- 
ouslv from snlphoxvlic and suljdiurons acids, luiving the constitution 
xSOoM 

Gy . wliere TI represents an alkali metal (see p. 220). 

\so:m 

The sulphates and ])crsul})hates are all derived from sexavalent 
sulphur, and the sulphites also appear to belong to t!u‘ same class, 
although, as already mentiojued (]). 101), the [)ossihility of (juadrivaleut 
sulplnir is not precluded. 

The diherence instability ol‘ inorganic substamees eontaiuing sulpliur 
in varying degrees of valency is rellcctcd in tlu' rcUitix'c ivarlincss with 
Avhicli they undergo s])ontaneous oxidation. Ry treating solutions of 
such substances with ozonised oxygen, the order in which oxidation 
occurs has been shown to be : 


Lromm and Palma, Btr., 1906, 39 , :j317. 

“ Bassett and Durrant, J. Chcni. Soc., 1027, p. 1401. Por mctlvods of tiLrating this 
compound, see Salkin, hid. Eng. Chetn., 1923, 15 , S48. 

^ Vogel and Partington, TrariS. Chern. Eoc., 1925, 127 , 1 .H 4 , 

Paesenfeld and Egidius, Zeiisch. anorg. Chevi., 1914, 85 , 217. 
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/liydrosulphite — sulphitcv 

Sulphide — thiosulidiate^^ ^ditlvionate — sulphate. 

^ ]3o]\d:hionates ^ 

I 

Sulphur Dioxide. 

Occurrence. — The gases issuing from volcanoes contain sulphur 
dioxide in the free condition, and the gas is also present dissolved in 
tlie neiglibouring springs. Sulphur dioxide is present in minute quan- 
tities in the air of towns, especially such as are occupied on an extensive 
scale with industries consuming much coal. Tlie air of tunnels through 
which steam locomotives j^ass is frequently highly charged witli sulphur 
dioxide. 

On account of its characteristic odour, sul]:)hur dioxide was early 
recognised as a product of the combustion of sulphur, although the gas 
was not isolated until Priestley in 1775, by means of his mercury trough, 
collected it from the interaction of mercury and sulphuric acid. ^ Lavoisier 
almost immediately afterwards showed tliat the new' substance w'as a 
compound of sulphur and oxygen inferior to sulphuric acid in oxygen 
content. 

Preparation. — (1) From Sulphur . — The simplest method of pro- 
ducing sulphur dioxide consists in burning sulpliur in air or oxygen ; 
the element ignites at about 250"^ to 200‘" C. The primary product, 
however, is not perfectly pure dioxide ; the product of combustion in 
oxygen contains 2 or 3 per cent, of sulphur trioxide ; - in air the pro- 
portion of trioxide is still higher and may attain to 7 per cent, of the 
sulphur burnt, ^ the nitrogen apparently acting as catalyst. Increase 
of pressure favours the production of the trioxidc,^ as its formation 
involves a greater volume reduction, and experiment show's that under 
a pressure of 40 to 50 atmospheres of oxygen almost 50 per cent, of the 
sulphur may be converted into trioxide. 

The necessary oxygen need not be obtained from tlie air. Sulphur 
dioxide is readily obtained by heating sulphur with certain oxides, 
dioxides or peroxides. Sulphur vapour and steam lacated at a suit- 
able temperature in the presence of iron oxide as catalyst react to form 
sulphur dioxide and hydrogen which may be recovered separately. 
With manganese dioxide and powxlered sulphur the reaction proceeds 
as follow's : 

MnO o -j- 2S = MnS -r bO 

manganese sulphide constituting the residue. 

Similarly, w'hen sulphur is heated w'ith 2 to 3 times its w'eight of 
dehydrated ferrous sulphate or copper sulphate, sul])hur dioxide is pro- 
duced together w'ith the sulphide of the metal : 

LeSO , + 2S = FeS - 2SO 


^ Priestley, ExperimenU on Air, 1776, ii., 16 ; 1777, iii., 272 ; Exp(o initids and Ohstrea- 
tions, 1779, iv., 122. 

“ Lunge and Salathe, Chtrn. Zeit., 1883, 7, 29 : Hempel, Ber., 1890, 23, 145“). 

^ Kastle and Mcctargue, Arner. Cheni. J., 1907, 38, 165. 

Giran, Co nipt, rend., 1904, 139, 1219 : 1905, 140, 1704 : Cornog, Dargan and Bender, 
J . Anitr. Gheni. Soc., 1926, 48, 2757. For the effect of reduced prcssui-e on the oxidation, 
s: 0 Semenov and Rjabinin, Zeii-ich. physilMl. Chcni., 1928, B, i, 192, 

^ Stoiba, prakt. Cliern., 1866, 99, 54 ; Bruckner, MonalEi-., i9u6, 27, 49. 
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(2) From, SiiljMcles.— -By heating metallic sulphides in air sulphur 
dioxide is obtained in a more or less pure condition. In the commercial 
preparation of sulphuric acid, lor example (see p. 150), iron ])yrites, 
FeSo, usually containing copper pyrites, CuoS-FcoS.. and contaminated 
with Varyino- amounts of siliceous gaiigue, arsenic and otlier compounds, 
is roasted in air to yield the necessary sulphur dioxide. The main 
reaction taking place may be represented by the equation : 

4FeS2H-IlOo=2Fe203-r8S02, 

but i]i addition to the presence of volatile impurities from the pyrites 
sueli as arsenioiis oxide, sulpliur trioxide is also present, for the metallie 
oxides produced during the roasting process exert a catalytic effect, 
thereby facilitating the further oxidation of the dioxide. ^ 

The use of zinc blende and mixed zinc ores as a convenient source 
of sulphur dioxide for sulphuric acid manufacture has been advocated. 
The residue from the roasting is often more valuable than in the case 
of pyrites, but the roasting process is more troublesome and the presence 
of fluorspar in the blende exerts a deteriorating influence on the lead 
chambers.- 

On roasting lead sulphide (galena) with lime, sulphur dioxide is 
evolved.^ It is assumed that the reactions which take place are as 
follows : 

At 700" C., CaO-f 0-CaO.>. 

At 500" C., iCaOo-pPbS^flCaO-rPbSO^. 

At fusing-point, PbS-rPbS 04 +Oo = 2PbO+2SOo. 

Ferrous or manganese oxide may be substituted for lime in the 
process.'^ 

When hydrogen sulphide is burned in excess of air, sul[)hur dioxide 
is formed : 

This reaction has been made the basis of a patent ibr the commercial 
production of the gas.'^ 

(3) From SuVpJiuric Acid . — Concentrated sulpliuric acid can be made 
to yield sulphur dioxide by a variety of processes : 

(a) If merely raised to a red iicat, as, for cxannole, wlicn it is dropped 
into a red-hot retort, sulphuric acid undergoes dccom])osition according 
to the equation : 

2IIoS04=2H20 -2802-1-02, 

and the sulphur dioxide can be separated by passing the dried gaseous 
product through a vessel immersed in a ireezing mixture. Tins method 
was lormerly used in preparing a mixture of sulphur dioxide and oxygen 
lor the manufacture of sulphur trioxidc. 

{h) Sulphuric acid, when heated Vvuth copper or mercury, is reduced 
to sulphur dioxide. With the former metal, cupric sulphate is formed 

1 Scheurer-Kesiner, Coin.pt. read., 187.5, 8o, 1230 ; Liuige and Salathc, JJer., 1877, lo, 
1824 ; Schiitzenberge]’, Ball Soc. chim., 1879, 32, 610. 

“ Hutiii, Mon. scient., 1917, 7, 25. 

- Huntington and Hebcrlein, Britisfi Patent , 8064 (1896). 

.on" RauLigham, British Patent, 3795 (1897) ; Hever, Mttall und Erz, 1925, 22, 

439 ; Chern. Zenir., 1926, i., 464. / ’ , , , 

" Pernell and Simpson, British Patent, 14711 (1SS6). 
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together with cuprous sulphide and even cuprous sulphate. The main 
reaction at a temperature of 130'^ to 170" C. ap])ears to be : ^ 

C C u -f GH oSO ^ = 4Cu SO ^ -f Cu oS -f SO o + GI T oO . 

4Vith mercury, the mercuric sulphate may be accompanied by mercurous 
sulphate. 

Under suitable conditions sulphur dioxide may be obtained by the 
action of sulphuric acid upon many other metals. Tims, finely cliAuded 
iron decomposes acid of density 1*75 at 200° C., yielding the gas.“ 

Sulphuric acid is reduced to sulphur dioxide and water by prolonged 
contact with hydrogen at ordinary temperatures. The reaction is fairly 
rapid at 250° C.^ 

(c) Carbon and sulphur also reduce sulphuric acid, the former giving 
a mixture containing carbon and sulphur dioxides, whilst the latter 
yields a steady stream of pure sulphur dioxide. In the laboratory 
preparation of the gas from sulphuric acid and sulphur, however, it is 
necessary to have a wide delivery tube to prevent the exit being choked 
by the sulphur.^ The reactions ai'c : 

C -f 2H oSO 4 - CO . -|-2HoO -f 2SO .. 

S-f2ll2S04-:2H;0-r3S0.,. 

Both of tlie foregoing methods have been used commercially in pre- 
paring sulphur dioxide.^ 

(4) From Salts. — {a) Sulphites, thiosulphates and polythionates 
readily liberate sulphur dioxide when treated with an acid, or, in the 
case of the salts of the heavier metals, when merely heated. Calcium 
sulphite mixed with plaster of Paris and moulded into cubes forms a 
suitable material for use with sul]Dhuric acid in an automatic gas 
generator such as Kipp’s apparatus.*^ 

(b) When the suljjhates of the metals of tlie alkaline earths are 
heated in the presence of a suitable metal such as iron, or the lower 
oxides of certain metals, or carbon, sulphur dioxide is obtained.' The 
sulphates are reduced to the corres}K)nding sulpludes. The reduction 
is complete in half an liour at 750° C. for calcium sulphate, at 850° C. 
for strontium sul])hate and at 950° C. for barium sulpliate. At tempera- 
tures of about 150° C. higher and with an insidliciency of iron, a rapid 
evolution of sulphur dioxide takes place. The mixture IGCaSO.j-i-l 5Fe 
gives an SO per cent, theoretical yield of sulphur dioxide. As 
a result of these reactions certain wcll-dehncd ferrites are formed, 
for example, Ca3Fe409, Sr.2Fe.2O5 and BaFc.204.® Gijj.ysui/i heated at 
1400° C. with blast furnace slag containing calcium sulphide gives a 
high yield of sulphur dioxide : ^ 

CaSA3CaS04-4Ca0-4S02. 

Several other processes have been dc^'iscd for utilising gypsum and 
anhydrite as sources of sulphur dioxide ; for example, the mineral may 

^ Druce, Cheni. ]SeiC6, 1928, 136, 81. - Hart, British FaU.jif, 13050 (1SS5). 

2 Berthelot, Co/upt. rtnd., 1897, 125, 743 ; Warner, Chem. Ncm:s. 1873, 28, 13. 

Melsens, Coi/rpt. rend., 1873, 76, 92. 

^ Sec German PatenB., 196371 (1908) and 22365 (1882), respcetiveha 

^ Neumann, Ber., 1887, 20, 1584. ' BrilBh Paient, 149662 (1921). 

^ Martin and Fuchs, Zeilsdi. anonj. Chem., 1922, 125, 307. 

^ Ueumann, Zeitsch. angeic. CKeni., 1926, 39, 1537. 
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])e Iicatccl at 800" C. \vith coke, coal, or ])owdcrcd sliale and clay in 
a slio'htly oxidising atmosphere, when cement remains as a market- 
able residue, and the exit gases contain G to 7 per cent, ot sulphur 
clioxideU 

Physical Properties.— Sulphur dioxide is a colourless gas possess- 
ing a pungent, choking odour, and exerting an extremely irritating action 
on" the mucous membrane. In consequence of this it has been used in 
])oison gas warfare, but it is not efficient against well-equipped troops 
on account of the ease with which it is extracted from the air by respir- 
ators. Approximately 0-0005 per cent, can be detected by the sense 
of smell, whilst 0-05 i)er cent, is unendurable.- Vegetation is injured 
if the concentration of tiie gas exceeds 0-(,)0;3 per cent. 

At 15^ C. and TOO mm. pressure one litre of sulphur dioxide w^eighs 
2-02GG grams ; ^ 1000 cub. ft. weigh 172-Gl lb., whilst 1 lb. of tlie 
gas occupies a-79 cub. ft. The weight of a litre of sulphur dioxide 
under varying pressures is as follows : - 


Pressure in | Weight of 1 litre of SO, 
mm. Hg. ' at 0“ C. (grams). 


2 -9266-1 
2-18172 
1-41572 


760 

570 

380 


The relation between the weight of the gas at a ])ressurc jy, namely 
Jf\,, and the weight at 760 mm. (lIA,;o) given by the expression: ^ 

>' io'(r6o -p) |. 

The critical temperature and pressure are, respectively, 157-5" C. 
aud 77-8 atmospheres (see p. 112). At 0" C. the coeflieieut of expansion 
is 0-003978, and between 0" and 20" C. 0-00306, a value tiiat is above 
the A^alue for permanent gases.® At itighcr temperatures, Itowcver, tlie 
coefficient becomes smaller, and between 400" and 1700" C. ])ossesses 
tlie normal A’alue. Between these two temperatures, therefore, there 
must be an absence of any appreciable deeonqiosition or dissociation.^ 
The degree of dissociation into sulphur and oxygen at 1500" C. and 
1 atmosphere pressure is 5-9xl0~'g whilst under a [ircssurc of 0-01 
atmosphere ® it is 27 X 10'^. 

^ See also Holitor, CAem. Zdt., PJ27, 51 , o20, 370 ; Muller, Zcilsch. nn'jctr. Chan.. 1926, 
39 , 169. 

- See the Selby Smelter Commission, U.S. Rureau of Mines, .Bulletin Xo. 98. 

^ Jaquerod and Pintza, Cornpt. rtiuL, 19(0, 139 , 129 ; Baiittu^, J. Clnni. I'kijs., 1.908, 
6 , 1. Leduc [Conipi. rtud., 1893, I17, 219) gave the value 2 9267. Uilu'r (ia,ta are given 
hy Cailletet and ^lathias, Conipt. tc.ilcL, 1887, 104, 1664 ; Linde, Ana. Phyi. Chtat., 1896, 
56 , 563: Bauer, ill' . 1895, 55 , 184; Bertholor, Compl. rend., 1898, 126 , 14.18. 

^ Jaquerod and 1 uii/.a, loc. cU. 

^ Leduc, loc. cit. 

J Leduc, Cornpt. rend., 1893, 117 , 219 ; Amagat, ibid., 1869, 68 , 1170 ; 1871, 73 , 183 ; 
iS/2, 74 , 1299 ; .Elerthelot, ibnl., 1898, 126 , 1418 ; Walker, Proc. Pay. Poc., 1903, 72 , 24. 

‘ banger and Meyer, Ber., 1885, 18, 1803. 

® Ferguson, J. Amtr. Chem. Soc., 1919, 41, 69. 
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Tlic reTraetive index for sodinm light is 1-OOOGl at 0' C. and 760 
niin.' Tlie electrical conductivity is exceedingly small.- The specific 

licat of sulpliiir dioxide is 0-15-ii (water — i),'" and the ratio 77'=1-290U 

a Yixhic agreeing quite well with that usual for tri-atoniie gases, namely 
1'3(). aieasurement lias also been made of the gaseous viscosity, which 
is 1*256X10“'^ e.G.S. units at 18-0'' C. and 1-63()X10-^ at 100'' C.'"' 
Iiwestigation of the dielectric constant for gaseous sulphur dioxide is 
rendered diihcult by the tendency of the gas to decom}:)ose under 
electrical stress. Tlie value at 0” C. and atmospheric pressure has been 
found to be ® l-OOOOo. The electric moment of the gas, calculated 
from Debye's equation,'^ has the value (in C.G.S. E.S.U. XlO^^) of 
1-61L 

Tlie ultra-violet absorption spectra of the gas and its aqueous solu- 
tions hiive been im'cstigated. In the case of the gas the most distinct 
absorption band lies between 317-9 and 263-0 whilst solutions of 
the gas ex’nibit a characteristic band at 276 Absorption of the 

infra-red by sulphur dioxide has also been studiedU^ 

Sulphur dioxide is diamagnetic ; at O' C. and 760 mm. pressure the 
magnetic susceptibility is — 8-5xl0~^'^. 

Tlie gas is readily soluble in water, the process of solution being 
accompanied l)y an evolution of heat. The heats of solution for various 
concentrations have been measured at 25' C., and the relation between 
- AIL tlie total lieat of solution per gram-molecule of SO 2 dissolved, 
and fv, the number of molecules of water to one molecule of SOo, is 
found to be 

A// = -l-911-6-f 1105-26 log A. 

The following table gives typical experimental data : 

^ Bleeki'ode, Proc. Ro/j. Xor., 1884, 37 , 339 ; Walker, ilu/L, 1903, 72 , 24 ; Cuthbertson 
and Parr, ibid., 1908, [A], 80 , 4Ub ; Cuthbertson, ibid., 1910, [A], 83 , 171. 

- .Bartoli, (Jnzzitid. 189;", 25, i., 205. 

Reananlt, Jahi 1 803, p. 84. 

" Parnigton and Cant, Phil. M'kj., 1922, [vi.], 43, 309. 

^ Sinitli, djid., 1;,'22, 1 \'i.b 44, 7t»8 ; Meyer, Idtys. Ch(:ni., 1871, [r,.], 143, 14; 

1873, 148, ~)2() ; Traurz and ^\'eIzel, Ami. Phy.'nh. 192”), jv., 78, 30;”). 

Klemeiieic, Rtp. d. Phys., 1887), 21, 571 ; Wltn Alz'.id. Pet 1885, 91, 2, 712 ; Baedeker, 
Ztibsch. phydiL'dl Chem., 1901, 36, 305. 

" Zahn, Phy-<. Reiioin, 1926. 11., 27, 455. 

^ Liveina and Levrar. Chan. Wc?/ns, 1883, 47 , 121 . 

Baly ami Bailey, Trdn.'^. Ch.an. Son., 1922, 121, 1813, 8ee also Wk-iaiit, ibdl., 1914, 
105, 673 ; (iarrett, ibid., 1915, 107, 1324: Baly and Garr-ert, PkiL d/af/., 1916, pd.], 31, 
5i2 ; Garreit. ibid., p 5(.)5 ; Geunan, J . Phyand C'hcni., 1926, 30, 266. 

Baiir. Phy-'^ik. 1910, [4], 33, 585 ; Rubens and von Wartenbera, Physikal. 

Ztildch., 1911, 12, 1080. 

Pascal, Coi/ipt. n ttd , 1999, 148, 413 ; Ann. Cliitn. Plays.. 1910, [8], 19, 1. 

.Stiles and Felsiny, AnK-r. Chan. Sue , 1926, 48, 1543. See also Thomsen, Pa\, 1873, 
4, 713 ; Favrta A/i/r. Chi/n. Plaja, 1874, [v.J, i, 247 ; Bcrthelot, Cohipl. retid., 1883, 96, 
142. 
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TOTAL 

HEAT OF 

SOLUTION OF 

SULPHUR 

DIOXIDE. 


i 


IMols. H.,0 

^ - A// Obs.,i 

- AH , Calcu- 
lated from 

Ah 0. 

Grams SOo. 

Gram.^ HoO. 

Mols. SOo' 

cals. /mol. 

Equation, 
cals. niol. 

0*180 1 

0*2712 

103-28 

2140*9 

i 8587 ' 

8592 

0*260 

0*3936 , 

160-12 

1446*6 

i 8412 i 

8405 

0*447 j 

0*7448 

172-59 

824*01 

8122 

813 4 

0*658 

1*0973 

168-18 

545*01 

7946 

7936 

0*947 

1*6411 

170-83 

370*15 

77-45 

7550 

1*768 

3*1480 

167-59 

' 189*30 

7421 

7428 

4*190 

7*9602 

168-76 

: 75*29 

6994 

6986 


Below 5if C. the solubility of sulphur dioxide in water docs not obey 
Henryks Law. In the following table the solubility is given as grams of 
sulphur dioxide per 100 grams of water when the partial pressure of the 
gas is equal to 760 mm. of mercury. 


SOLUBILITY OF SULPHUR DIOXIDE IN WATER. 


i 

i Tempera- 
ture, ''C. 

i Grams SO.) per 100 iirams 
: ILO. 

Tempera- 
ture, C. 

Grams SI 

)., per 

hUO. 

100 grams 


(U9 

{a).^ 

1 

(6)9 

10 

15*4 

15*39 

30 

7*8 


7*56 

15 

12*55 

12*73 

40 

' 5*8 


5*54 

20 

10*4 

10*64 

50 

I 4*5 


4*14 

25 

8*95 ^ 

8*98 

60 



3*24 


At 15° C. and 760 mm.. 1 c.c. of water absorbs a])])roximately -11 c.c. 
of the gas. 

The density of the saturated solution is as follows : at 0° C., U061 ; 
at 10° C., 1-055 ; at *20° C.. 1*024. The following determinations for 
solutions of various concentrations have been made at 15*5° C. : “ 


SO 2 (per cent.) 

Df . 

. 0*99 

. 1*0041 

2*05 

1*0092 

2*87 

1*0138 

4*04 

1*0194 

4*99 5*89 

1*0242 1*0287 

SOo (per cent.) , 

Lrp . 

7*01 

1*0343 

8*08 

1*0389 

8*68 

1*0428 

9*80 

1*0482 

10*75 

1*0530. 


^ (a) Sims, Trans. Chem. Soc., 1802, 14, ] ; [h) Hudson, iht.cL, 11)2.'), 127, .1.3.')2. Sec 
also Sehonfeld, AnnahfK 1855, 95, 1 ;- 'Carms, ilAcl., 94, 148; l\4cdemann, A-rm. Phys. 
Chun., 1SS2, 17, 319 ; van dcr AVaals, Bar., 1885, 28, 599 ; Lindner, Brr. K. A had. 

Tl itn, 1912, 121, 293 ; Freese, CJteni. Z(dlscli., 1920, 44, 294 ; Smith and l^arkliurst, J . 
Artier. Chtrn. Soc., 1922, 44, 1918 : Sherwood, hid. Bny. Ckeni., 1925, 17, [7], 745. 

- Giles and Shearer, J. Soc. Chem. hid., 1885, 4, 303. 
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The aqueous solutions decompose slowly at ordinary temperatures, 
depositing sulphur, sulphuric acid being formed in solution. At IGO"" C. 
the decomposition is rapid. ^ 

Under suitable conditions solid products of variable composition 
mav be obtained from aqueous solutions of sulphur dioxide, and 
Iiydrates containing G to 15 molecules of water have been described.- 
It lias been shown by a more recent investigation,^ however, that only 
one hydrate, namely S0o.6H.>0, is formed. This gives a eutectic with 
ice at —2-(f C. The so-called higher hydrates consist of mixtures of the 
hexahydrate with ice. 

Certain organic liquids also dissolve sulphur dioxide, and a direct 
com]:>arison of the solubility in water and in chloroform has been effected 
by '' partition ’’ experiments,^ in which measurement is made of the 
distribution of the gas between the two solvents in contact with one 
another. 

Alcohol is superior to water as a solvent for sulphur dioxide, absorbing 
more than 200 times its own volume of the gas at 0° C. and 760 mm. ; ^ 
thus, 1 c.c. of alcohol absorbs the following volumes : 


Temperature, 

" C. 

Volume of Gas 
dissolved, c.c. 

Temperature, 

^C. 

Volume of Gas 
dissolved, c.c. 

0 

21G 

15 

116 

5 

175 

20 

96 

10 

142 

25 

84 


Acetic acid ^ under similar conditions dissolves more than 300 
volumes or almost its own weight of the gas. Acetone"^ dissolves about 
twice its weight or nearly GOO times its volume of sulphur dioxide, whilst 
camphor ^ also absorbs more than 300 times its volume, forming a liquid 
solution. In the last two cases chemical combination undoubtedly 
occurs : the freezing-point curve of camphor-sulphur dioxide mixtures 
indicates the formation of two unstable compounds, namely, 

2SOo. m.pt. —45" C., and CioHk^O.SOo. m.pt, —24" C. ; these are prob- 
ably active in the preparation of sidphuryl chloride in the presence 
of camphor. The use of methylcgyc/ehexaiione lias been recommended 

^ Juno:flciscli and Brunei, Coinpf. 1013, 156, 1719. 

- E.g. 80j.6Ho(), Villard, Ann. Chiin. Phys.. 1897, [7], ii, 289; SOo.7H.,0, Geuthcr, 
AniiaJeji, 1884, 224, 218 ; SOo 9H\,0, rierrc,U//7n Chhn . Phys., 1848, [3], 23, 416: SO^.l IHoO, 
Doppinir, Petersb. Akad. Ball., 1847, 7, 100; SOo.loHoO, dc la Rive, Ami. Chim. Phys., 
1828, [21, 40, 400. 

3 Taminann and Kriee, Znitsch. anorg. Chf^m., 1925, 146, 179. 8(^c also Roozeboom, 

Zeitsch. physikal. Chou., 1888, 2, 440. 

McCrac and Wilson, ZcilscJi. anorg. Chew., 1903, 35, 11 ; Dnicker, Zeitsch. phy.pkaL 
Chon.. 1904, 49, 579. 

° Caniis, loc. cit. See also Endemann, Annalcn, 1866, 140, 336 , Papdiani, Per., 1878, 
II, 155 ; Bertheloi, A.nn. Chun. Phys., 1898, [vii.i, 14, 289. 

^ Schulze, J. prakl. Chew., 1881, Tii.t 24, 168 : (hipr. Pub. Far. Pci. Cnlv. Masaryk, 
1926, Xo. 68. 

' Schulze, loc. Chi. For the solubility of liquid sulphur dioxide in n-hexane, sec Sever 
and Gill, Trans. Boy. Poo. Canada, 1924, iii., 18, 11 1., 209 , in cetenc, see Sever and Hugget, 
ibid., p. 213. 

^ Bellucci and Grassi, Atti R. Accad. Lined, 1913, [5J, 22, ii., 676 ; Schulze, loc. cit., 
p. 172 ; Bineau, Ann. Chim. Phys., [iii.], 34, 326. 
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as an absoiUino' liquid for the recovery ol sulphur dioxide from waste 

gases. ^ . 

Sulpliiir dioxide dissolves in aqueous somtions of morgaiiic salts 
frequently more readily than in pure water. 'With most salts, excluding 
sul])hatcs, compounds appear to be lornicd in soiution ol tlic general 
type MX.SOo, where Isl and X stand for univalent metal and negative 
radical, respectively.^ The soliibility curve of sulpliur dioxide in 
sulphuric acid of concentration ranging from 55 to 98*5 ])er cent, is 
interesting. A minimum occurs at 85-8 per cent. acid, and from tiiat 
point the^curve inclines sharply upwards for both increase or decrease 
of sulphuric acid concentration.'^ 

SOLUBILITY OF SULPHUR DIOXIDE IN SULPHURIC 
ACID AT 20" G. AND 760 MM A 


Sulphuric Acid, 
per cent. 

r 

j Grams 80-2 in 100 

1 grams of Acid. 

Sulphuric Acid, 
per cent. 

Grams SOo in 100 
grams of Acid. 

55T 

5T8 

86-5 

2-82 

68-9 

4*16 

88-1 

2-90 

80-2 

3-12 

90-8 

3-K) 

82-5 

2-99 

92-8 

3-21 

84-2 

2-88 

94-6 

3*50 

85-3 

2-83 

96-5 

i 3-83 

85-8 

2-80 

08-5 

^ 4-03 


At the point of minimum solubilit}' of the suljduir dioxide the com- 
position of the solvent closely a]:)proximates to that required !‘or the 
monohydrate 11.2804.11.20 (namely 84-5 per cent, acid), and it is 
significant that other physical ])roperties of the acid ]:)ass through 
critical values at this concentration (see ]3. 108). 

Sulphuryl chloride, SO 2 CL 2 , is a still better soh'ent for sulpliur dioxide 
and can absorb 1ST volumes of the gas at tlie ordinary temjier'aturc. 

Wood charcoal at 0" C. readily absorbs gaseous sulphur dioxide up 
to a volume even exceeding 100 times that oI the charcoal : jdatiuum 
black absorbs the gas to a relatively slight extent. The gas is also 
absorbed very appreciably by caoutchouc, tlie process merely being 
one of solution.' The adsorption of sulphur dioxide by sili(dc acid 

- Weissenberger and Piatri, Cht?/). Zc.if., 1929, 53 , 24.“), 290. 

“ Fox, Zcitsch. physihal. Che.ifi., 1902, 41 , 498. See also l ludsrai, Trans, ( Jhr'/n, Zoc., 
192.3, 127 , 1332. 

3 ]\lilcs and Fenton, Tra„.s:. Cheni. Soc., 1920, 117 , 59 ; rf. Cnpr, Fac. Sri. Univ. 
Masari/J:, 1926, Ao, 68 . 

^ For the solubilities of sulphni- dioxide in snltihiiric nod ol vn.-viim donsiiv and at 
various temperatures, see Kolb, BuU. Sr.c. Ltd. Mnlhonsr, 1872, p. 222 ;’ I )n/r/! .'indy. 
1873, 209 , 268 ; Funn. Ohr-nn Xam. is82, 45 , 270. Idu- the soluhilit v of sulphur dioxide 
in suspensions of calcium and magnesium hydroxides, see Smith and Farkliur^t, A /ner. 
Cdirni. Soc., 1922, 44 , 1918 ; Rioii and Berard, Cotnjd. rend., 1928, 186 , 1433. 

Favre, Ann. Ghrm. phys., 1874, [v.], i, 244 ; Kaysor, Ann. JSn/s. (Jhem.. iSSl, l iii.], 
12 , .526 ; Henglein and Grzenkovski, Zeilf<ch. nnyrir. (;lie)n., 1923 ^ 38 , 1 186 ; l\51;inyi and 
\\ elke, ZeitscJi. pliysil'nl. Chern., F928. 132 , 371. 

^ Chappuis, Anv. Phys. Chrm.^ 1883, [iii.], 19 , 21. 

• Reychler, Ball. Soc. chirn., 1893, [ui.], 9 , 404 ; ./. C/itni. phys., 1910, 8 , 3017. 
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gels lias been measured. It is found tha.t the maximum adsorption is 
exhibited bv gels containing about T per cent, of water. In the absence 
of air the adsor]3tion is rcversii)ie.^ Glass also adsorbs sulphur dioxide 
to a., marked degree, depending on the time of contact,- and it has 
been i'ound impossible to remove the adsorbed gas completely from 
glass wool.’^ 

lhae formation of sulphur dioxide from rhombic sulphur and gaseous 
oxygen is exothermic to tlie extent of 71*08 Cals., the value being slightly 
higher, namely 71*72 Cals., for formation from monoclinic sulphur, the 
difference being due to the heat of transformation of a gram-atomic 
weight of sulphur from the -rhombic to the moiioclinic form. 



Liqiiid Sidplriir Dio.rlde. — Sulpliur dioxide was the first gas to be 
converted to tlie iicniid state. It can be liquclied by ])assage through 
a tube cooled to below —10^ C. in a freezing mixture, but commercially 
the liquid is produced l)y compression.^ Tlic sulphurous gases from 
burning iron ])yrites or some other suitable source, containing some 

Mc-(ti\ark and CairR-k, J Ann.r. Cliri/i S'or , DdO, 42, d4-() ; r/. Ficai, (riorit. Chim. 
hid. Ap'pl.. Id’iS, 10 , Idl). Mf-asiirc-nieni s of the heat of adsorption ha\(‘ been made by 
Parnelt and (dander, J. hh.i/^'.rnl ('}n-,n., JDdd, 29, lu.li. Poi- adsoi'ption by titania gel, 
see Klosky and Burugi'alr. J. A\ni(-, ('him Sor., IbCS, 50, l() 4 d. 

- C’respi and Moles, Anal. hi.<. (hitni , 1926, 24 , ddC. 

Iktnebam ;ind i’lirt, J . Phi/-<irul (.hj m., !h' 2 .'), 29, 040 . 

’ See i'onreroy, Sij.pi' nn dcs roii nm-'isii nn^ rh i /n i SOO. vol. in, p. 74. 



112 SULPHUR, SELENIUM, AND TELLURIUM. 

6 per cent, of sul])lnir dioxide, or certainly not less than 4 per cent., 
are extracted ])v cold water trickling down a tower and meeting the 
ascending anises the solution thus obtained contains about 1 per cent, 
of tlie dioxide, and on warming, the dissolved dioxide is expelled. 
After ix'ang dried by passage through cooled pipes and finally through 
a chemical dehydrating agent such as sulphuric acid, the gas is liquefied 
bv com})ression and the liquid enclosed in steel cylinders or, for smaller 
quantities, in glass cylinders. The liciuid finds use in some ice-producing 
machines and also protddes a convenient means of storing the substance. 

Liquid sulphur dioxide is a colourless mobile fluid which boils at 
— 10'0'2::AP1" C. at 760 mm. the density varies considerably with the 
tem])eraturc,“ as indicated in the following table : 


I Temperature,' 

i "C- 

Density. 

Coefficient of 
Expansion. 

Temperature, 

Density. 

Coefficient of 
; Expansion. 

1 —40 

1-5331 

0-00157 

40 

1-3264 

0-00223 

; -20 j 

1-4846 

0-00164 

60 1 

1-2638 

0-00261 i 

1 0 

1-4350 

0-00175 

80 : 

1-1920 

0-00315 i 

i 2 i 

1-3831 

0-00192 

100 

1-1100 

i 0-00390 


The latent heat of evaporation per gram-molecule is 6150 calories,^ whilst 
the specific heat between —20''^ and +10^ C. is approximately 0-318.'^ 
The vapour pressures at various temperatures from —20'' to -f-30^ C. 
are gi^’en in the following table : 


: Temperature, ° C. . 

I 

i -26 

-10 

i ' : : 

0 : q-io i -1-20 -{-30 ^ 

Vapour pressure (atm.) . 

' 0-65 . 

1-04 

1-58 . 2-34 1 3-35 4-67 


The vapour pressure^ of sulphur dioxide at 50^ C. is only about 8 atmo- 
spheres, although at 110" C. it exceeds 80 atmospheres, so that the sealed 
containing vessels are not likely to be submitted to very great strain so 
long as care is taken to prevent heating. The critical temperature is 
157-50 --0*05'^ C. and the critical pressure 77-70:U0-05 atmospheres.® 

^ Gibbs, J. Aimr. Chun. Suc., 1905, 27, S5i ; Bergstrom, J. Physical Che.rn., 1922, 26, 
S76. 

- Cailletet and Mathias, Cmnpt. nnd., 1SS7, 104, 1563 ; Bleekrode, Proc. Roy. Roc., 
1885, 37, 339 ; Lange, ZPitsrh. angev:. CJieyn., 1899, 12, 277 ; Nasini, Btr., 1882, 15, 2884 ; 
Previe, Ann. Chim. Phy.^., 1847, [iii.], 21, 342 : Drion, ibid., 1854, [iii.], 41, 36 ; Andreeg 
Aae^/5 /n 1859, no, 1. 

llatliias, Coniyf. rend., JS8S, 106, 1148; 1894, 119, 851 ; Vaubcl, J. pralct. Cham , 
1898, di.l, 57, 35 ; Burrell and Robertson, J. Anier. Chr^m. Soc., 1915, 37, 2691 ; Thomsen' 
Thr rn-.ueJit nii.dry (rranslatetl by Burke), 1908 (Longmans & Co.). 

Mathias, lor. rif. 

^ Cardoso and Fioreiitino, J. Chim. phys., 1926, 23, 841; Cardoso, Coppola and 
Fioreniino, Clnm. 7m. nir.. 1924, i.. P;75 : Stock, Hennina and Kuss, Bar., 1921, 54 'IF 
1119 : Miind. BiiU. Amd. nnj. Brig.. 1919, [v.], 5, 529 ; Burrell and Robertson, 

Briner anci Cardoso, Comjd. n nd.. 1907, 144, 911 ; Regnault, ibid.. 1860, 50, 1063. Sec 
also hlaass and Maass, J. Anu r. Cham. Scjc., 1928, 50, 1352. 

'' Ca.rdoso and Fiorentino, loc. cil. ; Cailletet and Mathias, loc. oil. ; Centnerszwer, J. 
Rnsr. PJ:ys. Chim. Ruc., 1903, 35, 742 ; Guze, Arch. Sci. phys. nat., 1890, [iii.], 23, 204, 
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The critical density is 0-52-10 2-0-0005.- Measurement lias also been 
made of the A'iscosityd- the refracthm index (mV)— t *350)^ and the 
c o m pr es s i b i 1 it y . 

Tlic surtace tensions of the liquid have been determined by the 
capillary tube method, and between —20° C. and 50° C. the values 
agree to within 5 per cent, with the equation : 

y(dynes 'cm.) = 0-0G1531(157-5 

and there appears to be no evidence of association of molecules over 
tills range of tenijicrature.^ 

Although liquid sulphur dioxide is practically a non-conductor of 
electricity (its specific conductivity is O-So X at 15° C.), it dissolves 
many substances giving solutions wliicli conduct the electric current.^ 
Some salts, indeed, conduct better in liquid sulphur dioxide solution 
than in aqueous solution. The lialides of tlie alkali metals, including 
ammonium and tlie alkylainmoniums such as X( 0113)401 produce 
solutions whicli, during electrolysis, yield the lialogcn at the anode, 
whilst sulphur is deposited on the catliode and a sulphite simultaneously 
formed. Cady and Taft, however, could detect no free sulphur in the 
cathode de})osits obtained b}^ electrolysis of solutions containing potas- 
sium iodide, iodate, ferricyaiiide or similar salt. In some cases the 
formation of additive compounds between solvent and solute has been 
detected, e,g. Kl.dSOo, m.pt. -[-0'2(P C. ; KI.SO.,, rn.pt. —23-4° C. It 
has been suggested that tlie ionising ])ower of sul]:>hur dioxide may 
be connected with its hJgh dielectric constant, 14-8 at 23° C. 

Many organic substances " arc soluble in liquid sul])hur dioxide, 
e.g. many alcohols, ctlier, resins, carbon disulphide, chloroform, benzene 
and alkaloids.® It has been shown that under ordinary working con- 
ditions di-olefmes are soluble and inono-oleilnes insoluble in liquid 
sulphur dioxide. This difference in solubility jnay be advantageously 
utilised in the rehning of mineral lubricating oils, but it does not appear 
possible to separate najdithencs I'rom ]:>araLiins by tliis nietliod.^ 

Phosjdiorus and sulphur arc OJily sparingly soluble in the liquid, 
but sulphur monochloride is miscible. Tlie binary systems formed by 
liquid sulphur dioxide with the tetraciiloridcs of carbon, tin and titan- 
ium, and with the tetrabromidc of tin, liave been iiivestigated. The 
liquids are only partly miscible at lower temperatures and compound 

^ Cardoso and Sorrenliiu), J. Chivi. ii)27, 24 , 65, 77. 

“ Firzgerald, J . Phi/.':iral Client-., IDld, 16 , 6 dl. 

^ BJeekrode, Fwc. Roy. Roc., 1<SS4, 37 , ItS!) ; RiCC. 77y/?;, chini,, 1886, 4 , 77 . 

^ Caiiletet, Gompt. rend , 1872, 75 , 77. 

Stowe, J. Amer Clttm. Roc., ]92t), 51 , 4]0. See also Clarke, Chern. News, 1878, 38 , 
294 ; Hannay, Rruc. Roy. Roc., 1880, 30 , 478. 

Malden, Rer., 189-9, 32 , 2862 ; AValden and Ccnlnerszwer, Bull. Acad. Rci. St. 
Pefersbourg, 19()2, 15 , [ v.J, 17 ; Zeifuck. jdiy.'-i hal. Chtui., 1902, 42 , 432 : Baysler and 
Steele, Trans. Raraday Roc., 1012, 8 , 51 ; Chem. Nens, 1912, 105 , 1.57, 169 ; Franklin, J, 
Physical Chem.., 1911, 15 , 675 ; Diitoit and Oyr, J. Chini. phy.s., 1909, 7 , 189 ; Carvallo, 
Compt. rend,., 1910, 151 , 717 ; 1013, 156 , 1882. C'entnerizwer and Drucker, Zeiisch. Eleh- 
trochcni-., 1923, 29 , 210; Cady and Taft-, J. Rhy.^ical Chem., 1925, 29 , 1075. 

' Sestini, JyiUl. Roc. c/tim., 1868, 10 , lii.], 226 ; dc^ Carh, Oazzetfa, 1927, 57 , 347. 

Sherry, J. Physical Chcan., 1907, ii, 559 ; M and and lleri-cnt, J . Chini. phys., 1924, 
21 , 31. 

^ Stivoi' and Buggett, Trans. Roy. Roc. Canada, 1924, [lin], 18 , 111., 213 ; Seycr and 
Gill, ibuL, p. 209 ; Seycr and Gallaugher, ibid.. 1026 [lii.J, 20 , Hi., 343. 

Prinz, A/ina!en, 188-1, 223 , 355, 

VOL, VLT. : ri. 8 
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formation docs not occur. With carbon tetrachloride, the critical 
solution temperature is — 29*3^ C., two liquid phases being possible 
down to — 45'' C.^ 

The molecular cbullioscopic constant of sulphur dioxide is 15-0. 

When free from moisture, liquid sulphur dioxide is without action 
on iron and metals generally^ The commercial liquid is generally 
quite iree 1‘roni sulphur trioxidc.^ 

Solid Sulphur Diodule has been obtained by rapid evaporation of 
the liquid, part of which becomes cooled to the point of solidification. 
The solid is colourless and melts at —72-7° C.^ 

Chemical Properties. — Gaseous sulphur dioxide exhibits a ten- 
dency to undergo chemical change with formation of an equilibrium 
mixture with sulphur trioxidc and sulphur : 

3S0o:^S+2S03. 

Tlius it becomes cloudy when exposed to strong illumination,^ and 
the jn'esence of free sulphur in the gas at 1200'' C. can be detected by 
Ilcx-illc's hot and cold tube method.^ Light of any w’ave-length, 
within the absorption band (see p. 107), if it is of sufficient intensity, 
is capable of bringing about the decomposition of sulphur dioxide.” 
The change does not take place, however, if the gas is absolutely dry.^ 
Slow decomposition as represented by the foregoing equation can also 
be effected by subjecting the gas to prolonged spark discharge.^ In 
all probability this coru'crsion of sulphur dioxide into sulphur and 
sulpliur trioxide is merely a special example of the power of gaseous 
sulpliur dioxide at Iiigl-i temperatures to effect the oxidation of reducing 
agents such, as hydrogen and carbon, the reducing agent or oxidisable 
substance in this case being part of the sulphur dioxide itself. At 
2200" Abs. sulpliur dioxide is not apjmeciably dissociated.^^ 

In the dry condition both gaseous and liquid sulphur dioxide are 
without action on dry litmus paper. Dry sulphur dioxide does not 
react with dry liydrogen at 100" C. or 280" 

Sulphur Dio.xide as a)i Oxidising Agexit — Sulphur dioxide does not 
support the combustion of most substances which burn in oxygen, but 
many metals, e.g. sodium, potassium, magnesium and finely divided 
lead, wiien heated in a stream of the gas undergo conversion into a 
mixture of sulphide and oxide or sulphite, so much heat being liberated 
that the mass becomes incandescent ; in the case of the alkali metals 
some tliiosulphate also may be formed.^- 

- BoikI arjci Bcacii, J. Aincr. Chew. Soc., 192G, 48 , 348. 

- I.iinL'C, aitijiir. Chew., 1S99, 12 , 300. 

^ Ec-kinan, Sci, Papers V.S. Bureau SfeiucL, No. 554, 1927, 22 , 277. 

‘ Mitcliell, 1841, 37 , 356; Faraday, Compt. rend., 1861, 53 , 846; Walden 

and Centnerszn CT, /or. cit. 

^ ^iorren. raaL, 1S69, 69 , 397 ; Berthclot and Gaiidcchon, ibid., .1910 iSo 

1517. 

Deville. .Soc. chtw., 1865, pi-lr ? Malden and Centnersz'wer, loc. cit. 

' Hill, Tran--'. I'araday Xor., 1924, 20 , 107. 

C’otihn and Ix-ckcr, Zeiisch. pJn/Akal. Chon., 1910, 70 , 89. 

Bnri and Hofmann. Annabn, 1860, 113 , 129; Berthclot, Compt. rend., 1883,96, 

von Mdiru-ndaTy, Zdl^rh. anorej. Chew., 190S, 56 , 320; Fereuson, J. Arner. Chew. 
Aor., 1919, 41, 69. 

Beit’nelor, Ce-wpO rend.. 1897, 225 , 743. 

J- SehiiL Arnabn, 1S6I, 117 , 92; Guntz, Bull. Boc. chirn., 1892, riii.l, 7 , 275- Bufi 
iind Hofmann, /er. r/f. ^ a 
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5iolteii copper absorbs several times its volume of sulpliiir dioxide, 
the ])rodiict ])cing a uiixture of cuprous oxide and cuprous sulphide, 
^dlic]l remains in solution in tlie metal. ^ When dry, sulphur dioxide 
lias no action on iron even at 10(U C., but the metal is sliglitly attaeked 
by the moist gas.- 

Ilx'drogen may be oxidised by sulphur dioxide under suitable eon- 
diiions : thus wlicn a mixture of the gases is passed over finely divided 
nickel or over nickel sulphide at a dull red heat, water, hydrogen sulphide 
and sulpliur are produced.^ If the gases are passed sufHciently slowly 
the whole of the sulpliur dioxide is decomposed. Cobalt sulphide ancl. 
with less elliciency, ferrous sulphide, may also be used as catalysts in 
tills hydrogenation." A similar reaction occurs at a slightl}' higher 
temperature in the absence of a catalyst, but in this case tlie sulphur 
is obtained mainly in the free condition ; the presence of a little water 
va])our facilitates the reaction.'”' 

Plydrogen iodide reduces dry sulphur dioxide to sulphur, but in the 
presence of moisture, the iodine thus produced tends to oxidise some 
of the remaining sulphur dioxide to sulphuric acid.® 

The interaction of hydrogen sulphide and sulphur dioxide to form 
water and sulphur, according to the equation 

iHI.Sd-SO, ^ 2HoO-h3S, 

does not take place in the absence of a liquid. Liquid hydrogen sulphide 
and liquid sulphur dioxide do not react even on boiling together. In 
the ordinary way the presence of a little water enables the interaction 
to take ])lace, but many liquids other than water, for example, ethyl 
and methyl alcohols, glycerol and acetone, are able to bring about the 
reaction. There is no reaction between the gases at the ordinary 
temperature in tlie presence of phosphorus oxychloride, chlorobenzene, 
carbon tetrachloride, benzene, etc. Tliere seems to be no connection 
between the dielectric constant and the catalytic activity. Sulphur 
dioxide and hydrogen sulphide do not react in the presence of the 
verpour of water or alcohol ; it is essential that a liquid be present, 
probably because the liquid acts as a soh'ent for the gases. Alcohol 
is more effective than water, the gases being more soluble in alcohol.” 

At 100" C. tliere is no appreciable action between the moist gases, 
but sulphur is deposited on cooling. The reaction at higher temperatures 
has been investigated by passing the gases in equi\'alcnt proportions 
tlirough a reaction vessel and analysing tlie rapidly cooled emergent 
gases. At SCO"" C. equilibrium is attained very slowly, the reaction 
taking place on the walls of the vessel. Using (]uartz })owder as a 
surface catalyst the equilibrium is reached more rajiidly, at 450° C., 

^ Heyn and Iguier, Mciallu/giP, 1906, 3, S2 ; Sc-henck and Hampcdinann, JletaU irnd 
Erz, 1018, I, 2So ; Stubbs, Tra-n-^. Chun, Soc., 1913, 103, 144“) ; Sieverts and others, 
Zeit.sch. phuiiL'ol. Chun., 1910, 74, 277 ; 1913, 82, 257. 

“ See Lange, Zeitoch. aiigeic. Ch.Pin., 1899, 12, 275, 303, 51)5. 

^ Xcogi and Adhicary, Zeitsch. ati-org. Chen/., 1910, 69, 209. 

^ Tomkmson, (Jonij/t. rend., 1923, 176, 35. 

Bertlielot, Ann. Chun. Ph/jn., 189S, [vii.'J, 14, 289 ; Trauhe, Her., 1885, 18. 1894. 

Mcncko, Cf/Ptn. Ncnrn, 1879, 39, 19: IL'rg, Bull. Soc. chrm., 1900, [iii.'l, 23, 499; 
Volliard, Annolcn, 1887, 242, 93 ; Bcr., 1887, 20, 802. 

‘ Schmid, Zell-'^rh. Chc/n,., 1868, ii, 50 ; Hofmann, Bull. Soc. chim., 1876, 26, 324 ; 
Klein, J. Physical Chon., 1910, 15, 1 : Baker, Mern. MancheAcr Phil. Soc., 1909, 53, pt. 3 : 
iMattliews, Trans. Chern. Soc., 1926, 129, 2270. 
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while above 600^^ C. such a catalyst is no longer necessary, Tlie values 
lor the equilibrium constant arc given by : 

ranging from MS to ()*()062 between 450" and GOO" C., and the heat 
of the reaction, 

8 S o ( gas ) -r 1 H’ ( giis ) = i lU S g- 2 S ( ) .>, 

is of tlic order of 32*0 kgm. -calorics, whilst tlic value calculated from 
the reaction isocliore is 28*0 kgm. -calorics.^ The reaction between the 
mixed gases is also catalysed by active chaTCoal at lower tcni[)eratures, 
but above 600" C. some sul})hiir dioxide is reduced by tlie carbon, 
whilst above SCO" C. carbon disulphide begins to ibrm. 

When sulphur dioxide alone is passed over carbon at a red heat the 
latter undergoes ]^artial oxidation, the products Ixujig carbon raonoxide, 
carbon oxvsulphide and carbon disulphide ; no oxysul[)iiide is obtained 
at a white heat.- Both carbon monoxide ^ and nicthaiie arc oxidised 
bv sulphur dioxide at high temperatures witli formation of sulphur. 
It lias been suggested that volcanic sul])liur ma.y, in ])art, be formed 
by the reduction of sulphur dioxide by mctlianc. carbon monoxide and 
hydrogen, all of which are emitted by volcanoes.^ 

Other chemical processes in which sulpliur dioxide functions as an 
oxidisiiig agent include the interaction of sul[)hur dioxide willi stannous 
chloride or tilanous chloride in aqueous solution eontainiigg liydro- 
chloric acid, when tlie salts are converted into tlic corrcs]X)ri(lin.g tetra- 
cliloridcs ; ^ also the interaction of tlic gas with, organo-magncsiiim 
compounds, wlien the organic sulpliide is produced to some c;xtent.'' 

That sulphur dioxide can fmmtion either as an oxidising agent or 
as a reducing agent, according to the conditions, has bcaai showii in 
the case of certain chlorides, sulphates and jdiOsjdeates. ' 4’iie con- 
centration of acid wbacli is added is an important huTor, i'or. by xmrying 
the amount present, the sulphur dioxide can be niacic^ eitlicr to oxidise 
or to reduce. The action of sulphur dioxide on tlic chlorides ol’ mercury 
illustrates this diversity of action. Quantitative results are produced 
only under very specific conditions. A solution of nus'ciiric chloride 
(1 : 80) saturated with sulphur dioxide at 70" to 80 ' h. and kept at 

^ Grunert, J. ■prahL Chem.., 1929, [li.], 122, 1 ; tla.nd;ill aiid von i8eho\vsky, J. Amor. 
Ghern. aSGc., 1918, 40, 356. These values for K do not ayree with those of Lewis and 
Randall^(26ei., p. 362; at 450' C., probably owing to the latter ni vt'st iyatoi's not recognis- 
ing the dependence of the equilibiia in sulphur vapour on the total pressure. Tlu^ rc'aet ion 
has also been .studied by Lang and Carson, Proc. ChoM. Xoc., 19{;5, p. 158 ; Xoa.eiq /9/s- 
soiUiiim (Dresden), 1925 : Taylor and We.sley, J, PhyAcnL Choui., \ 927, 31, 21 6 

Lertlieloi, Coiupl. ro-nd., 1883, 96, 298; Seheurer- Ivcstner, (hid.., 1892, 114, 296; 
Smith and Hart, J . .boc. Cliorn, Ind.., 1886, 5 ? 643 ; Haniseh and Sehnahn', Uin/jl. 'j)oly. 
J., 18^5, 258, 225 ; Fischer and Pranschke, Brcrn itsloff'-Choin.., 1928, 9, .361. 

^ The reaction has been studied by Ferguson, ./. Adu.r. Ckoin. Sor.. P.) 1 8, 40, 1 1)26. 

) Papish, Proo. hmlmon Acad. Sa., 1918, p. 170. 

Smytlie and Wardlaw, Pruc. Diirhani PhiJ. Sor., 191 3-] 4, 5, 187 ; d. Sojc. Chou, fad., 
19L), 34' '')7 ; Durrant, 7 r(hi>^. Clioii. Anc.. 1915, 107, 622. 

^ Oddo, Gneae/Lo 1911, 41, i., IL 

. ' MyfGasv and Clews, Traim. Chem. Soc., 1920, 117, 1U93 ; Wa.rdlaw, Carter and Clews, 
ibid.. ] mo, II7 1241 ; Wardlaw and Pinkard, ibid., 1922, 121, 210; Wardlaw, J. Foe. 
Chem. Ind.. 1!)26, 45, 210. 
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that temperatiire for a considerable period reacts in accordance with 
the ecpiation : 

2lIgCU-r2lUO-hSOo = HgoCU+2HCH-II.SO,. 

In concentrated hydrochloric acid solution sulphur dioxide slovvlv 
oxidises mercurous chloride thus : 

2KgXU-fdHCi-hS02=4HgCU-4-2H20US.i 

In the case of tin salts the action of sulphur dioxide is complex. In 
warm acid solution stannous sulphide is first j^recipitated and tlien 
yellow^ stannic sulphide mixed wdth sulphur. In highly concentrated 
acid solution, however, the sulphides are not precipitated, but hydrogen 
sulphide is evolved : 

SO.,d-6IICld-3SnCU-3SnCl,-h2PLOi-PI.S. 

In moderately acid solution the tw'o tin salts and the sulphur dioxide 
compete for the hydrogen sulphide.- 

Tiic reduction of ferric chloride solutions by sulphur dioxide is 
utilised in botli qualitative and quantitative analysis, but reduction 
is not complete in the presence of considerable excess of hydrochloric 
or sulphuric acid.^ Experiments sliow that ferrous chloride is oxidised 
by sulphur dioxide in concentrated hydrochloric acid solution in accord- 
ance wdtli the equation : 

4FeC] o -f SO 4HC1 - 4FeCl .3 + 211 ,0 y- S . 

Under the most favourable conditions the highest percentage of ferric 
iron obtained is 8 - 8 . The degree of oxidation is independent of the 
initial concentration of total iron. It has also been shown that oxidation 
by sulphur dioxide at 95" C. does not occur in solutions of ferrous 
chloride unless there are present at least 165 grams of free ” HCl 
per litre. 

Ferric chloride in concentrated hydroclrloric acid solution is reduced 
by sulphur to a slight extent. Solutions containing more than 18-3 
per cent, of icrric iron in the presence of 33 per cent, of hydrocliloric 
acid are slowly reduced wlien a mixture containing equal quantities 
by w'eiglit of sulphur dioxide and hydrogen chloride is ] 3 assed in at 
115" C. From consideration of these facts it has been assumed that 
the reaction 

Cone, acid 

.l.FeCl,-rS0.+4HCl ^ 4.FeCl3-:-2H,0 J-S 

Dll. acid 

is reversible. 

The dependence of sulphur dioxide as an oxidising agent on a Iiigh 
concentration of hydrogen chloride has led to the suggestion that 
hydrogen chloride and sulplmr dioxide first interact to a sliglit extent, 
forming thion\d eliloridc. Evidence in support of this is supplied by 
the following reactions with the mercaptans : 


' Stewart and Wardiaw, Trcuii, Cheni. Soc., 1922, 12 1 , 14S1 ; Smythe and Wardlaw, 
Froc. iJurhani Phil. Soc., 1913-14, 5 , 1S7 ; Sartorius, Annalen, 1855, 96 , 335; Sanders, 
ZeiPcJi. a/igaiu. Chem., 1915, 28 , 9. 

“ Durrant, Trans. Chern. Soc., 1915, 107 , 622. 

3 Wardlavv-, J. Soc. Ckem. Jnd., 1926, 45 , 210 T. 
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and 

SO, [-f‘2KCl]-h4R.SH=R2S2-rR2S3-r2H,0 [^-21101]. 

The fact that sulpliur dioxide reduces most easily in a very dilute acid 
medium and oxidises most readily in a strongly acid incdiiim may be 
correlated by explaining oxidation and reduction on air ionic basis, 
oxidation being represented by the surrender of positive charges and 
reduction by the transference of negative charges. * 

In aqueous solution sulphurous acid ionises into TF, HSO 3 ' and SO 3 " 
ions. In this condition it acts as a reducing agent. Thus : 

2 Fe* ”- 803 "+ H ,0 - 2 Fe- ’ + SO 4 " ~ 2 II- 

In strongly acid solution the concentration of SO 3 " ions is reduced and 
hence there is less tendency .for reduction to take place. ^ 

As in the case of ferric chloride, cupric chloride is only incompletely 
reduced by sulphur dioxide in concentrated hydrochloric acid solution, 
but in aqueous solution this forms an excellent method for the prepara- 
tion of cuprous chloride : 

2CuCU+SO,+2H,0-2CuCl^HoSO,+21TC1.2 

Experiment shows that cuprous chloride is oxidised in concentrated 
hydrochloric acid solution, thus : 

4CuCl - 4HC1 -1- SO 2 = 4Cu Cl , - 2 H ,0 - S . 

It has also been shown that in the presence of concentrated hydrochloric 
acid sulphur can reduce a hot solution of cupric chloride in accordance 
with the ecjuation : 

GCuCUu-Sd-4H,0-GCuCl-6l-IClH-II,S0,. 

It is believed that the reaction 


4CuCl -r 4HC1 + SO = 4CuCl , -- 2 H ,0 -- S 

is reversible, but that the reversibility is normally obscured bv the 
reaction between the sulphur and cupric chloride in the presence of the 
hydrochloric acid. 

Sulphur dioxide and sulphurous gases attack basic rocks and glasses 
supcrhcially at high temperatures (900"' C.) with the formation of water- 
soluble sulphates, chiehy sodium sulphate.=^ It is probable that sucli 
reaction and the solution of the products in hot springs during tlic eariy 
post-volcanic period explain the origin of alkaline sulphatcd thermal 
waters. 

the capacitv of sulphur dioxide to act either as an oxidising or as 
a reducing agent has been studied electrocheniically in the case of 


\tardlaAv, J. k.oc. Llicm hid., 1926, 45, 210 T. For the action of sulphur dioxide 
chlorides 01 iron under various conditions and on molybdenum sulphate, see 
\\ardlaw and Ueys, he. cit. ; Atardlaw, Carter and Clews, he. eil. ■ Wardlaw and 
Sylvester, T rans. Chtm. Soe., 1923, 123, 969. 

“ Wardlaw, he. eit. 

2 Portevm, Compt. rend., 1928, 187, 1148. 
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solutions containing ferrous and ferric ions.^ Results show that an 
increase in acid concentration is accompanied by a rise in the suljDhur 
dioxide potential, whilst under the same conditions there is a diminution 
in the ferric-ferrous iron potential. Experiments on the cathodic 
reduction of sulphur dioxide in acid solution show that hydrogen sulphide 
is not formed as a primary product. 

Many sulphides, both natural and artificial, react with sulphur 
dioxide at high temperatures with formation of the corresponding 
sulphate and sulphur, thus ; 

In the case of the alkali and alkaline earth metals, the sulphate is the 
sole product ; with copper, lead, bismutli and antimony, tlie product 
contains the metal, formed by reduction of the sulphate by unchanged 
sulphide. In cases where the sulphate is unstable at the temperature 
of reaction, as with zinc, cadmium, aluminium, tin, chromium, iron, 
cobalt and nickel, the oxide is the final product. The action may be 
catalytically accelerated by the addition of triferric tetroxide, Fe.fi 

Sul'phur Dioxide as mi U n saturated Reagent. — Sulphur dioxide 
exhibits a group of additive reactions indicative of its unsaturated 
nature. 

Chlorine combines with the gas when the mixture is exposed to 
sunlight or when the sulphur dioxide is employed in solution in acetic 
acid or in camphor, the product being sulphuryl chloride ; ^ no com- 
bination occurs in the dark in the absence of a catalyst. In the presence 
of water the products are sulphuric acid and hydrochloric acid."^ 
Bromine does not combine in this manner, nor docs hydrogen chloride, 
the freezing-point curve of the latter with sulphur dioxide showing only 
the formation of a eutectic mixture.'' 

Suljdiur dioxide combines with oxygen to form sulphur trioxide ; 
reaction occurs when the gaseous mixture is passed o\’er certain porous 
substances, such as sugar charcoal, finely dh'idcd platinum, or certain 
oxides, for example, iron, copper or cobalt oxide (see p. 136). The 
rate of reaction is practically independent of the concentration of 
oxygcii, but is i^roportional to that of the sulphur dioxide and inversely 
proportional to that of the trioxide. ^ The mode of action of such 
'' contact substances ’’ is not clearly understood, although it is probable 
that the effect is due, at least in part, to a primary condensation of one 
or both of the reagents on the catalyst."^ Traces of moisture are necessary 
to the reaction. Hargreave’s process for the conversion of sodium 
chloride into sodium sulphate is an interesting application of ” contact 

Carier and James, Trails. Cham. Soo., 1921, 125, 2231 ; Carter, J . Soc. Chtm. Ind., 
1926, 45, 210 T. 

- llilbaucr and Tucek, Chrm. Ztit., 1926, 50, 323 ; Wohler, .Martin and Sehmidc, 
Ztitsch. anorg. Chtm., 1923,127, 273. Sec also Henderson and Weiser, J . Auitr. Chtm. Sac., 
HH3, 35, 239 ; Debus, Trails. Chtm.. Sac., ISSS, 53, 27S ; Bertliier, Aniialta. 1S33, 5, 216 ; 
DeltTs, Jahresbtr., 1851, p. 174. 

^ Melsens, Conipt. rend., 1873, 76, 92 ; Scliulzin J. p'la-kt. Chtm., 1881, 24, 168 ; Smits 
and de Mooy, Free. K. Akad. IVeitnsch. Aiimterdam, 1910, 13, 339. 

This reaction has recently been investigated by Xeumann and AVilezewski, Zeitsch. 
uiKjeiv. CJit.ni., 1923, ^6, oil. 

^ Baume and Bamtil, Compi. rend., 1911, 152, 1095. 

Bodenstein and Fink, Zeitsch. vhusikal. Chtm.., 1907, 60, 1, 45. 
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oxidation of sul])hiir dioxide, in which the sodium chloride itself acts 
as tlie contact substance. A current of steam, sulplmr dioxide and air 
is passed over the heated salt ; if a little iron oxide or copper oxide be 
mixed witli the salt, a quantitative conversion may be effected at 
500^ C.i . . 

Peroxides, dioxides and many basic oxides react, often vigorously, 
wdth sulphur dioxide, forming the corresponding sulphate as one of the 
products of the reaction, the actual change in each case varying with 
the nature of the metal.'’ Sodium peroxide burns brilliantly when 
sprinkled into the gas. Lead dioxide becomes incandescent, whilst 
manganese dioxide reacts readily in the presence of water, the resulting 
solution containing dithionate and sulphate in addition to sulphite. 
Hvdrogen peroxide gradually yields sulphuric acid.^ 

^ Anotlier indication of the unsaturated nature of sulphur dioxide is 
given by its action on the alkali iodides and thiocyanates. Complexes 
of the type MI.aHOo are obtained, where M is an alkali metal. ^ 

iMany aromatic hydrocarbons, for example, benzene, ethylbenzene, 
toluene, cymene and tetrahydronaphthalene, yield additive compounds.^ 
Such are also formed with liquid cyclic hydrocarbons in the absence of 
moisture and phenols, and use has been made of this fact to remove 
sulphur dioxide from a dry gas containing it.^ Additive compounds 
are also formed with methyl alcohol, thus CHgOH.SOo and 2 CH 3 OH.SO 2 , 
the existence of which has been demonstrated dehnitely by means of tlie 
freezing-point curve." The additive compound with camphor has 
already been mentione d (p. 109). 

Sulphur dioxide reacts with ammonia yielding amidosulphinic acid, 
NHo-SOoH. which, in the presence of excess of ammonia, is accompanied 
by the ammonium salt together with a red substance, tricunviomum 
wiidodisul 2 Jhinaie, (SO 2 .NH 4 ) o.® 

Sulphur dioxide forms a substitution product in its reaction witli 
phosphorus pentachloride, the iiroducts being thionyl chloride and 
phosphorus oxychloride : ^ 

PClg-hSO^-POCL+SOCL. 

Sulphur Dioxide as a Reducing Agent. — Vvlien treated in a current 
of sulphur dioxide, nitrates are reduced, with formation of nitrous gases 
and sulpliates ; chlorates likewise are reduced, chlorine peroxide being 
obtained below 60'^ C., whilst rdoove this temperature the volatile pro- 
ducts are sulphur trioxide and chlorine. 

^ Syliultze, J. pfaH. Chem., ISSO, [li.], 21, 407 ; Krutwig, Pi(^c. I'rav. chi-in., ISOT, 16, 
[li.]. 173. lor the action of the siient eicctric discharge on a mixture of suiphur dioxide 
and oxygen, see p. 137. 

" Eammick, Trans. Cheni. 80 c., 1017, iii, 379. 

3 RiisseU and Smith, Free. Chem. Soc., 1900, 16, 41. See also Mayer, Ber., 34, 3606. 
For the action of SO. on XO., see p. 250. 

de Forcrand and J.aboury, Compt. read., 1919, 168, 1253 ; 169, 162 ; Kphraiin and 
Kornbium, Bar., 1916,49, 2007 ; Adrianowski, ibid., 1S79, 12, OSS : Pechard, ConipL rend., 
1900, 138, 118S. ^ 

" dc Carli, AUi F. Accad. Lined, 1926, [vi.], 4, 460, 523 ; Mazzetti and dc Carli, 
Gazzetta, 1926, 56, 34. 

^ Howard, U. 8 . Faimt, 1606299 (1926). 

' Baume and Panifil, loc. cit. 

rr.-i Ihotrowski, Ber., 1911, 44, 379 ; Ogawa and Aoyaina, Sd. Pteriorts 

Tohohulmp. bniv., 1913. 2, 121. : Divers and Ogawa, Proc. Cheni. Soc., 1900, 16, 38. 

^ fSchill, J^nnalen, 1857, 102, 111. 



COMPOUNDS OF SULPHUR. 


121 


Chromates and permanganates arc vigorously reduced.^ Thus, on 
passing a current of sulphur dioxide through an acidified aqueous 
solution of potassium diciiromate, reduction to chromium sulphate 
occurs, the orange solution becoming purple-green and depositing, upon 
concentration, crystals of potassium-chromium alum. Permanganates 
react similarly, the manganese being reduced to manganous sulphate 
and the solution becoming praecically colourless. Tlius : 

2KMn0i--5S02-!-2np-K.,S0, + 2?dnS0,-f2li,S0.i. 

This reaction is the basis of a useful volumetric method of estimating 
sulpliites in solution (see p. 120).- 

Physiological Action. — -Sulpliur dioxide exerts a decidedly toxic 
effect on plants and animals,^ and lias been used in poison gas war- 
fare (see p. 106) ; even as little as 0*04 per cent, by volume in the 
atmosphere will cause symptoms of poisoning i]i liuman beings after a 
few hours ; in larger quantities, either gaseous or dissolved, the effect 
may be fatal. Tlie gas acts as a direct blood poison and also affects 
the blood circulation.^ The sulphites are not poisonous. 

Applications. — Gaseous sulphur dioxide is used for bleaching 
certain natural colours, e.g. in wool, silk, feathers, straw and sugar ; 
its action is less powerful than that of chlorine and some yellow llowers 
are unaffected by it.' In some cases the bleaching, which occurs in 
the presence of moisture, is ])robably due to a reducing action, but for 
the most part the colour, for example, witli red rose petals, can be 
restored partly by warming or treating with dilute suljdiuric acid ; the 
bleaching in the latter case is probably due, at least partially, to the 
formation of a feeble compound between the sulphur dioxide and the 
pigment. 

The disinfectant action ® of sulphur dioxide was recognised by the 
ancient Greeks and is mentioned by Homer. To-day the gas is less 
favoured tlian in tire past as a disinfectant although it is still largely 
used ; it is also applied, more generally in the form of sulphite, for 
preser\mtive purposes. Fresh whole fruit may be ])rcserved in sealed 
vessels in an aqueous solution containing 0*08 to 0*1 per cent, of sulphur 
dioxide : absorption by the fruit occurs and the concentration falls 
to 0*04 per cent., but the growtii of micro-organisms is inhibited, and 
jam made Iroin such fruit is said to be of superior equality to that made 
from pulp. The application of sulphur to vines for the prevention of 

^ Hod^L^knison and Yoniig, Cherjt. Xetc.i, 1S1)2, 66, 199. 

- For the action of sulphur dioxide on manganic hydroxide, sec 2Ieyer and Schramm, 
Zdtsch. aiiorrj. Chtni., .1923, 132, 226. 

^ Wider, Bcr. Dcut. Lot. Gc-s., 1903, 20, OdG ; Xalurw. 1907, 22, 229; 

Schroder, Dingl. 'p()hj J 1873, 207, S7 ; Whiikler, ZeitscJi. angcic. Chon., 1806, p. 370. 

Ogata, Arch. J.l uglcyii- . 1 SSF 2 , 223 ; F'feiiTcr, Aich. axp. Paih. Pfirrmi., 1S90, 27 , 261 ; 
Lehmann, Arch. Ilygiencr 1893, 18 , 180 ; Walbaum, ihv.L, 1906, 57 , 87 ; Jacobi and Wbil- 
liaiim, .-Ly:A. r:cp. Puth. Phnini., 1;)06, 54 , i4-21, Oi-uiiIiul, Piochi-i/i. Zdl.^rh., 1908, II, 29 ; 
Konig and Masonbaumer, Bunl. Coiir., 1903. 32 , o3o. 

^ Kionka, Zeiisch. il ijgitne, 1896, 22, 331. '■ Ogata, loc. cil. 

' Schroder, Joe. cit. See also Mird and Lloyd, J. Soc. Chern. Ind.. 1912, 31, 317 ; Spring, 
Bull. Acad. ray. Brig., 1881, [iii.], i, 2 ; Sehiilzc, Dingl. poly. J., 1871, 200, 231 ; 'Pictet, 
Chon. Zed., 1895, 19, 425. 

Calvert, Proc. P>.oij. Boc., 1872, 20, 187 ; Baierlachcr, Dingl. poly. J., 1377, 224, 458 ; 
Wernich, Ber., 1879, 12, 1705 ; Fatio, Convpt. rouL, 1880, 90, 851 ; Briihf, ibid., 1889, 108, 
824 ; Hatton, Trans. Chon. Soc., 1881, 39, 247. 

^ Barker and Grove, J. Fornology, 1925, 5, 50. 
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of heat (p. 107). The aqueous solutions are denser than water.^ The 
ready (lecoinposit:ion of sulphurous acid is obvious from the pungent 
smell of sulpiiur dioxide ahvays obsein^alde above the solution. 

Tlie acid is ratlier feeble, but it reddens litmus,- decomposes carbon- 
ates and neutralises alkalis with the formation of salts. The baser 
metals are also slowly attacked, and the liquid finds frequent use as 
an etcliing reagent in the metallographic examination of alloys.^ 

Although the solution conducts the electric current the dissolved 
sulphur dioxide is mainly in an un-ionised condition and even un- 
hydrated ; ^ what electrolytic dissociation does occur is mainly into 
the ions If* and IISO3', the proportion of SO3" ions being very small 
indeed.^ 

The absorption spectra of the aqueous solutions indicate that the 
sulpiiur dioxide is mainly present as SO 2 molecules, some liydrate 
molecules also being present, but only small amounts of H2SO3 and 
its ions.^ 

Autoxidatioii, — Aqueous solutions of sulphurous acid are w^ell known 
to undergo slow autoxidation in the absence of air or oxidising agents, 
the cliange being usually represented by the equation : 

3K oS 0 3 = 2H 2 SO + S -i-II . 2 O. 


This change is accelerated by rise of temperature and b}^ exposure to 
light. It has been suggested ® that the following initial reactions are 
ini'olved : 


and' or 


2IISO3' — ^^SO/-t-S(OI-I)2, 
Sulpli- 
oxylic acid. 

S0O5" — ->80/ -r SO, 

Sulpli- 
ox^dic an- 
hydride. 


the sulphoxylic acid (or its anhydride) undergoing subsequent change, 
ultimately yielding sulphuric acid and sulphur. Bassett and Durraiit ^ 
consider the initial reaction to be : 

IT2SO3— IIO.SO.O.SO.OIT IT2S0^^~|-TIC).S.0.S0.0IT (1). 

Pyrosulplmroiis “ Hvdrosulphurous 

acid {ILS.O,) acid (H.,S.>0J 

(colourless). (colourkss). 


* Carius, Aiuialca, 1S55, 94 , 14S ; Bunsen and Schonfeld, ibid., ISdo, 95 , 2 ; Sires ibid 
1S6L 118 , 340 ; Gdes and Shearer, J. She. Chtm. Lid., 1S85, 4 , 303 ; lUrinan, Tnui^ Chem 
Aoc.^ ISOo, 67 , sm ; Evcrsheim, Phijsikal. Zritscli., 1903, 4 , 503. 

“ Thomsen, Chei/i. Xtuss, 1SS3, 47 , 123, 135, 184. 

^ Hilpert and Colvcrt-Glauert, ZciLch. anorg. Chnii., 1910, 68 , 63. 

0)stovald, J. puiht. Cheui., 1885, jii.j. 32, 314 ; Drucker, ZeiLch. pJu/Ahd. Chew., 1 004 
49, 5/9 ; Bouty, Compf. rend., 1884, 99, 31. " ’ 

" Garrett, Trans. Chem. hdoc., 1915, 107, 1324; Wridit, ibid.. 1914 loS 699 ^U07- 

Lietzel and Galanos, Zed- 5 c//. 7 rL;/droc/ze 7 /).. 1925 , 31, 466 ." 

' gn"- Chem..’, 1911, 76 , 257 ; Kerp and Bauer, 

Chern. Zenir., 190/, ii., 9/1 ; Lindner, Momitsh., 1912, 33 , 613. 

- Loew, .dwfr. J.pa., Ii70 [li.], 49 , 36S ; Jahresher., 1S73, p. 104 ; Berthelot, Ann. 
Chun, rhijs., 1S9S, [vii.], 14 , 289. 

® Eoerster, Lange, Drossbach and Seidel, Zeitsch. anorg. Chern., 1923, 128 268 

^ Bassetr and Durranr, J. C 7 /e/ 7 i. Goc., 1927, p. 1401. ' ’ , . 
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It is ])ointed out that altliougli aqueous sulpliurous acid appears to 
contain n:iost of its sulphur dioxide as such,^ yet solutions of the alkali 
bisulpliites appear to contain some pyrosul])hitc (metabisulphite ).“ It 
is therefore not unreasonable to assume that some free pyrosulphurous 
acid is present in aqueous sulphurous acid solutions. Since hydro- 
sulphurous acid is unstable under the ])rcvailing conditions, it docs not 
accumulate, but rapidly undergoes Turtlicr change, ^vhich makes proof 
of its formation diliicult. It is assumed chat some of the colourless 
acid formed in reaction (1) undergoes rearrangement to the isomeric 
coloured form ; 

HO.S.O.SO.OII (HO)oS.SOo (2), 

((‘.(>loiirle<s) (coloured) 

and that these two isomerides react, yielding pyrosulphurous and thio- 
sulphuric acids, thus : 

2H,S,Oj -.-n H,S A-I-HoS.O. (3). 

The thiosulphuric acid now undergoes further change (see p. 195), one 
of the first products being trithionic acid, I-l2S30y, tetra- and penta- 
thionic acids being gradually formed as tlie concentratio:! of sulphurous 
acid dijninishes with the progress of autoxidation. These acids in tlieir 
turn gradually decompose, the final products being sulphuric acid and 
free sulphur. This explains why tli, ionic acids arc almost always ])resent 
in old solutions of sulphurous acid, whether these have been entirely 
protected from atmospheric oxidation or not. and the amount of these 
acids present will depend largely upon the age and composition of the 
solution. 

It must be stated, however, that tlie absorption spectra of aqueous 
alkali hydrogen sulphite solutions arc similar to tliose of sul phur dioxide, 
and even aqueous or alcohol solutions of potassium or ammonium pyro- 
sulphite show' no spectrum characteristic of the ion SoO,/'. On warm- 
ing or on exposure to liglit, such soiutio.ns show' an increased absorption, 
the bands being displaced towards tlie longer vva\'e-lcngths, and this 
is to be explained by the ])hoto-oxidation of if SO 3' ions to SO,/d 
with formation of SOo-hydrate.'^ 

Ililute solutions of sulpliurous acid deconijiose more cpiickly and 
completely than concentrated solutions, w'hile in presence of a strong 
acid Une decomposition is inhibited, being completely suppressed in 
tw'icc-normal hydrochloric acid solution. 

It has been found that sulphurous acid liberated in solution from 
its salts at temperatures of TOO" to 120'^ C. or low'cr, may undergo 
instantaneous auio-rediiction w'ith production of hydrogen sulphide : 

dii.so.^n.s+sH.so,, 

this corresponding with the change which takes place w'hen solid sodium 
sulphite is lieated above loO"" C. : 

4Xa .SO .. == Xa .S -P SNaoSO „i. 

It appears, moreover, that this rajud auto-reduction occurs only w'ith 
sulphurous acid liberated from its salts and not w'ith gaseous sulphur 

^ W’riglit, Trans. Chain. Soc., 1911, 105, 2907. 

“ Baly and Itiiley, ibid., 1922, 121, 1812 ; Oetiiian, J. Phy-dcal Chern., 1926, 30, 266. 

^ Bassett and Durrant, loo. cit. ’ Dicizel and Galanos, loc. cit. 
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dioxide o^- saturated solutions of tlie gas or even with the solid Iiydrate. 
It seems nossible that the high reducing power of th.e sulpirurous acid 
under these conditions may be due to the niornentar\r existence of tlie 
acid II.SO.,.OH. produced "from a corresponding metallic salt sucli as 
was postulated bv Divers and Shimidzu.i 

A mixture oi' sodium sulphite and sodium hydrogen sulphite in 
aqueous solution at 150= C. undergoes a change in accordance wntli the 

equation . . 2 XaHS 03 --Xa.;S 03 = 2 Xa„S 0 j-rS--H 20 .- 

Elcctrolvsis of sulpliurou.s acid causes anodic oxidation to sulphuric 
acid,%vliilst‘^hydrosul]duirous acid, H 0 SP 4 , is produced by the reducing 
action of the" current at the cathode ; the former change may be 
rendered quantitative by the addition of a manganese sait ; the 
hydrosulphurous acid may be accompanied by various of its decom- 
position products.^ 

The most marked group of reactions exliibited by sulpliurous acid 
is dependent on its reducing power. In dilute aqueous solution slow 
oxidation bv free oxygen occurs with liberation of 6 :h 6 Cals. }:>er gram- 
molccule oxidised ; ' the change is accelerated by tlic inducnce of iiglit 
and the presence of salts of jnaiigancse, cobalt or irom^ Sulphurous 
acid solution reduces selenious and tellurous acids to selenium and 
tellurium, respecti^'ely : it precipitates the noble metals, for example 
gold, from solutions of their salts. Salts derived from higher oxides 
are generally reduced to derivatives of lower oxides : tlius ferric salts, 
chroniates, manganates and ])ernianganates (sec p. 121 ) yield ferrous, 
chromic and manganous salts, respectively. 

In the case of the reduction of fendc salts by sulphur dioxide it lias 
been suggested ^ that the reduction most probably proceeds in stages, 
a red ferric ferrisulphite, Fe| Fc(S 03 ) 3 |, being lirst formed, which on 
warming yields the ferrous salt and tlic dithionate, thus : 

Fei;Fc(SO 3 ) 3 1 = FeS .fi 3 -^FoSO 3 . 

On boiling, the dithionate decomposes : 

Fe S oO ^ — n .,0 = FeS 0 4—11 oS O 3 . 

The halogen elements are converted into the corrcsjionding hydracids 
by sulphurous acid, tlie eliaiigc being reversible in the case of bromine 
and espeeialF’- with iodine : 

HoS03~l3-rH20 ^ noS 04 - 2 llI. 

In this reaction it has been shown tha.t there is an intermediate formation 
of a yellow compound of composition SO.,. III. 

^ Divers and Sliimidzu, Tians. Chtm. ISSG, 49, 577 ; Bonnelt, Trfins. Chr iit. Sue., 
1922, 121, 1794. 

- Bayer & Co., Gcrtaan Patent, 265167 (1913). 

^ Gu(.d'ouli, Coiripf. rend., 1877, 85, 225. See also Liickow, 7ueiis(:li. anah Clteni.. ISSO, 

19, 1- 

^ See Fischer and Deniarceh Bull. Sor. cJiint. B'-hj., 1010, 24, 236. 

^ Thompson, Met. and Chu/i. Eng., 1916, 15, 677. 

Reese, Ber., 1S84, 17, 588. ’ ■ Thom.sen, Per., 1873, 6, 1438. 

s 5Ieyer, Ber., 1887, 20, 3058. Sec also Bero-, Coawl. rend., 1904, 128, 907. 

^ Meyer, Ber., 1920, 53, [B], 77. 

Macaulay, Trans. Chem. Sac., 1922, 121, 552. 
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In an analogous manner cyanogen, which in many of its reactions 
exhibits a marked similarity to chlorine, is slowly reduced to liydro- 
cvanic acid : ^ 

H ,SO 3 + (CX ) 2 +H oO ^I-I.SO -r 2HCX ; 

cyanogen iodide, CXI, in like manner gives hydrocyanic and hydriodic 
acids.- 

With the exception of perchloric acid, the halogen oxyacids are 
reduced through the corresponding halogen elements to the hydracids ; 
in the case of iodic acid^ the formation of free iodine after a definite 
intciwal forms a striking example of a "‘time reaction.” The forma- 
tion of the element is not observed until after the disappearance of the 
whole of the sulphite. The mechanism of the reaction is probably as 
follows : 

10 / + 51 ' -f- 6H* - 31 . 3 II oO. 

S 0 3" -f 1 2 - 20 H' = S O 4" -b 2f 4 - H 2O, 

the latter reaction being much more rapid than the former. 

Xitric acid ^ undergoes reduction by sulphurous acid less readily than 
nitrous acidC the product in each case being sulphuric acid with nitrous 
or nitric oxide : it is possible that nitrogen-sulphur acids such as nitro- 
sulphonic acid are intermediately produced (see p. 248 ). Xitric oxide 
can be reduced slowly to nitrous oxide by sulphurous acid, but no 
further." 

■\Iercuric chloride readily oxidises sulphurous acid, the reaction being 
quantitative if the solution of the latter is dilute : 

H2S03-2lIgCl2--H.20-H2S0,+IIg2Cl2^2PICL 

The result is clilierent if sodium hydrogen sulphite is used instead of 
sulphurous acid ; the addition of excess of mercuric chloride then gives 
rise to an equi molecular proportion of hydrochloric acid, the titration 
of v/hich provides a convenient method for estimating the ciuantity of 
hydrogen sulplhte originally present : ^ 

2XaI-I S O 3 -b 2lIgCl 2 = 2HgCI . S O 3Xa -f 2HCI . 

By taking a srdphurous acid solution and titrating with sodium hydroxide 
and methyl orange until the sodium hydrogen sulphite is formed, tlien 
adding excess of mercuric chloride and completing the titration, 
sulphurous acid itself may be estimated, 

^ Vorlander, Vah. Ges. dcui. N aturjor.^cli. Aerzie, 1907, ii., 92. 

- ]\Iein(;ke, Z(-ii.sch. anorg. Chch/., 1892, 2 , 157. Thi.s reaction may be used for liie 
determination of sulphites, see Alsterberg, BiorJiem. Zcilsch., 1926, 172 , 223. 

^ vSee Vol. Vlll, of this series, p. 240. 

Landolt, Ber., ] S 86 , 19 , 1340; 18S7, 20 , 745; Persoz, AnnaJp/n, 1847, 64 , 408; 
Selmons, Ber., 1888, 21 , 230 ; Thiel, jSiizvvgsbcr. Gcd. Ford. Faliinc. Jlar/runj, 1912, 2 , 11 ; 
Patterson and Porsyth, Treno^. Chcjti. Boc., 1912, loi, 40 ; Shrabal and Zahorka, Zeitsch. 
Ele}:lroch(-7i) 1927, 33 , 42. 

Paschiy, Zeifsch. augev:. Chp}/!., 1905, 18 , 1302. 

A\ eber, Ati/i. B/iy.s. Clictn., 1866, 127 , 277, 543 ; Fremy, CcrDtid. rciifL, 1870, 70 , 61 ; 
Pascliie. Ber., 1887, 20 , 584, 1158 ; Zoli^cli. angcu:. Chput., 19b4, 17 , 1398. 

■ belouze, Ann. Ckirn. Bhy-s., 1835, 60 , 162; 'Weber, loc. elf. ; 'Fune'e, Ber., 1881, 14 , 
2196. 

y" Sander, Zciisch. angtw. Chorn., 1915, 28 , 9 ; 1916, 29 , 11, 16 ; Chorn. Zell., 1915, 39 , 
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Tlu^ coirapoiiiul olMainccI by tlie interaction of mercuric chloride and 
aninu'iiie. dissolves ^v]len sul])liur dioxide is })assed througli tlie liquid.^ 

wSuljdiurcms acid can, on the other hand, undergo reduction, 
llydrogcai sulphide reduces it, producing sulphur chiclly. The primary 
action may he rc'prc'seiitcd by tlie rc-vcrsiblc equation : 

IRSO.d-iloS r:--.: ILSO, d-HoSO. 

Tiie compound IIoSO. mbdcli is assumed to be of the peroxide type, decom- 
poses with precipitation oi‘ suIpJiur. The Iiydrogen sulphide also reacts 
furtlier with tlie sulphoxylic acid primarily formed to yield more LIoSO : 

IuSO,-fHoS-2H,SO, 
so that tlie final result of the interaction is 

2lI,S-hSO,-:3S-r-2iLO. 

Tliis final stage is reached more quickly in tlie presence of excess of 
Iiydrogen siiljiliide. In tlie presence of excess of sul])liurous acid some 
polythionic acid is formed. - 

Phospliorus at 200“ C. in a scaled tube gives phosphoric acid and 
Iiydrogen suljiliide.'" Ixascent hydrogen, for example from zinc and 
siil])]iuric acid, yields hydrogen sulpliidc,* as also do pliospliorous acid,'^ 
titanous chloride, and even stannous chloride : ^ 

IIoS03-:-6II-H.,S-;-3I-L,0; 

IT oSO 3IT o 6 -f 2 P - 211 31^0 . -f H .S : 

1 1 .SO 3 • OK 3 PO 3 - OK 3 FO i - IKS . 

Formic acid gi\'es a reducing action of an unusual tyj^e with sulphur- 
ous acid : tlie mixture of tlie two acids is a much stronger reducing 
agent tlian either of the eonqioneiits l^y itself, on account of the formation 
of hydrosulpliurous acid : 

ILCOJI- 2 l-I.S 03 =HoS.OH~ 2 lKO-rCO,. 

Kydrosulpliurous acid is also formed by the action of many metals 
on sulpliurous acid : tlie crust of ferrous sulphite and liydrosulpliite 
formed on tlie surface of metallic iron is of great protective value in the 
iron cylinders used for storing liquid sulphur dioxide, whieli generally 
contains traces of water.^ 

Detection and Estimation. — Sulpliurous acid is usually detected 
by its reducing action, for instance on potassium dichroniatc solution, 
tlie acid being warmed in order that the test may be clTccted with the 
e\'oh'cd gas : tlie odour of sulphur dioxide is also a fairly trustwortliy 
indication. For special purposes ^ many of the reactions already 
mcnticncd may be applied. 

^ IRtr, Krolvnert and Braun, Zcitsch. anorg. Chem., 1920, 114, 203. 

“ ilenizn, J. prakt. CJii-'in., 1919, [n.], 99, 1()9. 

" Oppenheim, JJ/'JL iSoc. chu/i., 1804, pi.], i, 163. 

‘ BcrrlK'iot, J/in. Pfiys., 1898, [vii.], 14, :^89. 

\\ dliler, AiiiialciK I 841, 39, 232. See aLo Sehonbein, J . prakt. Che 7 /i., 1853, 61, 193. 

AVaMeiireder, Pha)},}. Ctruir., .184(>, p. 615 ; Muir, Mon. sdtnt., 1882, 12, 783; 

LonaiJi, Zcii.-rlc. (h'dl. Cht tK., 1897, 36, 663 ; IVdorow, Zcitsch. Chcni., 1869, 5 , ] 5 ; Dun-aiU, 
1 ra/ts. Chrin. S(jc., J9j5, 107 , 622 ; Sinythe ami W’ardiaw, Proc. Durhuin J'hil. S'oe., 1913- 
14,5. P87. _ " 

Scliw eitp'r, C’ln j/i.St irs. 187.1,23, 293; Lange, Zcitsch. angac. Chem., .1899, 12, 275, 300. 

Lange, loc. cil. 

]'5:-r the chdeeiion c'f sulphite.Cin fooflstuiU, ,^ce Larkes, A'ndlyA, ]926, 51 , 620. See 

p. 193, tooinoir 2. 
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A sensitive colour test for sul])hite ions consists in adding, drop by 
drop, a 0*01 per cent, solution of Fast Blue R crystals, shaking after 
each addition, until the violet coloration disappears and a yellow 
solution is produced ; the test is sensitive to one part of sulphurous acid 
in about 175,000. Thiosulphates and polythionates do not interfere, 
but sulphides and hydroxides must be absent.^ 

If to a neutral solution of an alkali sulphite containing phenol- 
phthalein a few drops of a 1 per cent, formaldehyde solution are added, 
a pink colour due to liberation of alkali hydroxide is produced : - 

II.CFI 0 AXa,S 03 +H, 0 -:H.CH( 0 H).S 03 Na+Na 0 H. 

When a solution containing sulphite is added to a few drops of 
Bettendorf’s reagent (stannous chloride in concentrated hydrochloric 
acid) a yellowish-brown deposit of tin sulphides is formed, owing to 
reduction of the sulphite ; 0*6 per cent, of the latter can thus be detected.^ 
Contrary to what might be expected, the estimation of sulphurous 
acid cannot be satisfactorily effected by direct titration with potassium 
permanganate in the presence of an acid, because, under ordinary 
conditions, a considerable proportion of the sulphurous acid escapes 
complete oxidation, being converted into dithionic acid.'^ More 
satisfactory results are obtained by the addition of a large excess of 
permanganate (or dicliromate) with sulphuric acid and the subsequent 
determination of the excess by a suitable standard solution, e.g. of 
oxalic acid or ferrous sulphate. Good results iiave been obtained by 
observing the following definite conditions : A known volume of 
acidified standard potassium permanganate solution is divided into two 
portions, one being reserved for comparison. To the other portion is 
added the sulphurous acid to be estimated, and more standard per- 
manganate is added until the colour is again of the same intensity as 
that of the reserved portion. The solutions are mixed, divided into 
two portions and the process again repeated. These repetition o]3era- 
tions are necessary owing to the fact that the colour obtained on 
re-titrating a mixture of sulphurous acid and potassium permanganate 
is sliglitly different in tint from that of the permanganate alone. The 
quantity of permanganate solution required to restore the standard 
colour is cc^uivalent to the amount of sulpliurous acid present.^ 

Another method which is applicable also to the estimation of 
solutions containing sulphites and hydrogen sulphites is the addition 
of a known excess of acidified hydrogen peroxide to t'ne solution of 
sulphurous acid. The excess of peroxide may then be titrated with 
standard permanganate solution. The reactions are as follows : 

SO.+H.O..=HoSO„ 

5H207+2KMn04 + 3H,S04=K,S0^-f2MnS0.i+Sl-I,0A50,.6 


Eea;riwc, Zeiisdi. anal. Cheai., .1926, 69, 382. 

- Rosciitlialcr, Mitrochem., 1927, 5, 27. 

^ Danajeva, Pharm. J. {Russia), 192S, p. 379 ; Chcni. Ztiiti'., 1928, ii., 1.129. 

Lean de St. Gilles, A/lh. Ghim,. Phys., 1898, [iii.], 55, 374; Bugri'jt', ■/. Phar/n. Ckim., 
1859, [iii.], 36, 122; Fordos and Gelis, ibid., p. 113; Limgo aiid Smith, J. Soc. Chem. 
Ind., 1883, 2, 4G0 ; Dymond and Hughes, Proc. Claan. Roc., 1896. 175, 42 ; ^lilbaiier, 
Zeitsch. (Dial. Chem., 1909, 48, 17 ; Koithoil, Pharm. Wechblad, 1924, 61, S41. 

^ Barham, Chem. News, 1922, 124, 279 ; Sweeney, Onteault and Withrow, J. Lid. Eng. 
Chem., 1917, 9, 949, 

« Craig, J. Soc. Chem. Ind., 1919, 38, 96 T. 

VOL. VII. : II. 
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Tlic more usual volumetric method for the estimation of sulphurous 
acid is the excess iodine metliod already described (p. 122 )U The 
reaction between the acid and iodine is not reversible in tlie state 
of dilution obtaining in volumetric analysis, therefore the addition of 
sodium hvdrogen carbonate, as often recommended, is unnecessary." 
The low results obtained when the suliahurous acid is exposed to air 
during the titration are due entirely to evaporation of sulphur dioxide, 
the amount of atmospheric oxidation being negligible. Sulplute solu- 
tions, on the other hand, readily undergo atmospheric oxidation, so that 
in order to obtain an accurate estimation of sulphite it is advisable 
to dissolve the salt in a 5 per cent, recently boiled glycerol solution 
in a flask filled with carbon dioxide and then run in a measured excess 
of standard iodine solution also under carbon dioxide and titrate the 
residual iodine with thiosulphate.^ Satisfactory results may also be 
obtained by employing more powerful oxidising agents, such as an acid 
solution of potassium" iodate,^ or sodium hypochlorite.^ In tlie latter 
case, excess of a standard hypochlorite solution is added to the sulpliurous 
acid solution and titrated back with iodine. This method is aj^plicable 
to solutions of high SOo-concentration. 

It is also possible with sulpliurous acid solutions, using methyl orange 
as indicator, to titrate with a standard solution of an alkali to tlie half- 
way “ bisulphite '' stage.*'’ If necessary the alkali hydrogen sulpliite 
may then be estimated by the addition of mercuric chloride and further 
titration with alkali, as already described. By this double titration 
method it is possible to estimate sulpliurous acid in the presence of 
other sulphur acids. ^ 

Occasionally it is desired to determine sulphurous acid by a gravi- 
metric method ; it is then usual to expel tiie sulphur dioxide from tlie 
solution under examination by distilling in an atmosplicrc of carbon 
dioxide and oxidise the gas to sulphuric acid by absorption in bromine 
water or iodine solution, subsequently adding barium cliloridc and 
weighing tlie precipitated barium sulphate. This method also gives 
accurate results volumctrically if steps arc taken to prevent loss of 
iodine by volatilisation in the current of carbon dioxide. Tlie excess 
iodine is titrated with a solution of sodium thiosulphate.^ 

The Sulphites. — Sulphurous acid gives rise to normal sulphites of 
the type jUSO.. and acid salts of the type MIISOo, wlicre represents 
a univalent metal atom. Tiic normal salts arc odourless and do not 
resemble the free acid or sulphur dioxide in tlicir very harmful chect on 
living organisms. On tlie other hand, the acid sulpiutcs readily yield 
sulphur dioxide ; they have an acid reaction towards phcnolplithaleiii, 
but are neutral towards metliyl orange. 

^ See also Kolihort, I'ltarni. \Vttl'hla(L 1919, 56 , 136G. 

‘ l\Iacaulay, Trans. Chern. Soc., 1922, 121 , 5o2. 

Waterman, Chtm. WeeiMad, 1920, 17 , 196. Sec also Hasoo and Walsh, Analy-d., 
i92s, 53 , 144. 

Hendrixson, J . Ainrr. Chtni. Soc., 1925, 47 , 1319, 2156; Bonner and Yust, Jnd. 
Eng. Chem., 1926, 18 , 55 . 

^ Bicskei, Zeifsch. (inorg. Chthi., 1927, 160 , 64. 

Lunge, ZrhOc/n anneu'. Chem., 1S95. p. 221. See also Sander, Chern. ZtU.. J914, 38 , 

1057. 

Grairc, Co/npl. rend., 1924, 178 , 1819. See also Kiirtenackcr, Zeitsch. anorf/. Chem., 
1924, 134 , 265 : Ztit:<ch. anal. Chern., !924, 64 , 56. 

^ Coppelri, Ann. Cinni.. anal., 1921, 3 , 327. For a brornomelric nu'thod ol dederniina- 
tion of sulphurous acid, .sec olancliot and Oberliauser, Ber., 1924, 57 , [B], 29. 
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Other saline derivatives of sulphur dioxide are known corresponding 
with a hypothetical acid I-I2S2O5 ; for example, alkali mMaMsidphites or 
pijvosid'phites of the composition M2S0O5 are known, which may be 
considered as structurally derived from two molecules of the hydrogen 
sulpiiites MHSO3 by elimination of one molecule of water. They are 
well-defined compounds obtained by crystallisation from aqueous 
solutions of the sulphites of the alkali metals in the presence of excess 
of sulphur dioxide. ^ 

Sul]:>hurous acid and the alkali sulphites show a marked tendency 
to react with sulphites of the heavier metals to form complexes in which 
the ordinary reactions of the lieavy metal are often more or less obscured.^ 

The alkali sulphites and bisulphites are produced on the large scale 
by treating lime and magnesia or dolomitic limestone with sulphur 
dioxide in the presence of water, then adding the requisite amount of 
alkali sulphate to the filtrate and filtering off any insoluble sulphate ; ^ 
or, alkali carbonate or bicarbonate may be treated directly with sulphur 
dioxide.^ 

The action of heat on sulphites varies both with the temperature 
and with the nature of the metal concerned. With sodium sulphite, 
NaoSO.^, the chief reaction at 700"^ C. in vacuo is 

tNa^SOg 8Xa2S044-Xa2vS,^ 

and apparently lithium sulphite behaves similarly.® In the case of cal- 
cium sulphite an analogous reaction takes place at about 650"^ C., but 
at 1100° C. the dissociation 

CaSOgV- CaO-fS02 

is practically complete. The residue contains calcium sulphate in 
addition to the oxide, probably because the equilibrium 

3S02:^2S03-hS 

becomes effective at higher temperatures. IMagnesium sulphite decom- 
poses at 300° C. according to the equation : " 

4HgS O 3 - 2MgSO 4 -f- MgS 2O 3 + YigO . 


^ ^luspratt, A/inalen., 1844, 50, 259 ; Berthelot, Compt. rend., 1883, 96, 208 ; Ann. 
Chirn. Phys., 1884, [ 6], i, 87 ; Carey and Piurter, Ber., 1884, 17, 33 : tloliny, J. prakt. 
Chc:!ti., 1883, [ii.j, 37, 217 ; Geiitlicr, Annalen, 1884, 224, 218. See also Bernthscii and 
Bazlcn, Btr., 1900, 33, 12(3 ; Besson, Cdiein. Zoit., 191G, 40, 16”). 

- Snell compounds will be i’oiind described under the various metals in other volume's 
of this series. i"or the preparation and properties of L]yCo(SO;03.4l-LO, see Abresch, 
Zeil=>ck. anorq. Chera., 1929, 179, 345 ; for Xa5Au(S03)j.5Ho0, see HiiiLmia, Oazzetfa, 
1927, 57, S20'. 

2 Oatiadian Patents, 263180 (1924) : 259884 (1925). 

^ German I-^atemt^ 440380 (1925) ; U.S. Patent, 1638492 (1927). See also Schenefield, 
Vilbrandt and Withion, Chem. and Met. Eng., 1921, 25, 953. 

^ Picon, Cornpi. 7 end., 1924, 178, 1548. 

^ Hohrie, J. prakt. Oheni., 1888, 37, 225 : Friend and Pounder, J . Chem. Soc., 1928 
p. 2245. 

‘ Foerster aud Kubel, Zeltsch. (rnorg. Chem.., 1924, 139, 261. For various physical 
properties of the alkali sulphites and hydroyeu siilphitc.s, see Lewis and Rivett, Trans. 
Cheni. Aar., 1924, 125, 1 1 56, 1162 : Foerster, Broschc and Xorbero'-Schulz, Zeifscti. yjhysikal. 
Chmn., 1924, no, 435 : Sabalitschka and Kubisch, Arch. Pkarni., 1924, 262, 105 ; Schuler 
and Wilhelm, Zeitsch, angeiv. Chern., 1919, 32, 198. 
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At higher temperatures the following also occurs : 

M-So 0 ,=MgS 03 +S, 

MgSOg-MgO+SO,. 

The decomposil^io^'^ alkali pyrosulphites under the inhuence 

of heat follows a very complicated course.^ At C. tlie ]3otassium 

salt yields trithionate and sulphate, the ionic reaction being : 

(i^) 2 SA"— >S 30 /mSO/: 

above •20U" C. sulphur dioxide is liberated, and if tlm partial ]>ressure 
of the sulphur dioxide (from (iii)) is kept low, the reaction 

(ii) S. 2 O 5 " V— -V SO 3 —SO 2 

proceeds from left to right. The main reaction at 250" C., however, 
produces thiosulphate, thus : 

(iii) 3 S 2 O/— >S203"+2S0/-2S02. 

A number oi‘ side reactions also occur, depending largely on concentra- 
tion and temperature ; the thiosulphate gradually disappears and the 
final state may be represented : 

(iv) 2 S 2 O 5 " — -> 2 S 0 /d-S 02 -f-S. 

The sodium salt behaves somewhat similarly, but the main reaction 
at 150“ C. is tliat indicated in equation (ii). 

The sulphites, both normal and acid, are easily oxidised, and in 
solution readily undergo atmospheric oxidation Avitli tlie formation of 
sulphates. The oxidation proceeds more readily in neutral than in 
acid solution,- and is accelerated by warming. The change in SO^- 
content of a solution of potassium metabisulphite (Od per cent.) kept 
in a stoppered bottle, observed by titration intervals of aliquot 
portions with standard iodine solution, lias been observed to be as 
follows : ^ 

Time interval (hours) . 0 2 T 48 72 90 144 

Relative S 02 -eontcnt . 100 98*2 94-G 93-5 92-2 9U3. 

The oxidation can be considerably cheeked by the addition of cer- 
tain organic compounds, such as sucrose," alcohols,-' quiiiol,^' and some 
organic acids. On the other hand it is accelerated by dextrose and 
certain other sugars,'^ and also by the presence of Cu'* or Fe'” ions in 
solutions of Fjf value 4 to 12.® 

^ Foerster and Hamprecht, Zeitsch. anorg. Cham., 1026, 158, 277. 

“ Mason and Walsh, Analyd, 1928, 53, 142. See also Sjabalitschka and ivubisch, Arch. 
Pkarm., 1924, 262, 105. 

■' Phillips, ArLalyd, 1928. 53, J50. 

IMaass andhlaass, J. Arnar. Chani. Son., 1928, 50, 1352. 

Bigelow, Zaitsch. physikal. Chaw., 1898, 26, 4!)3 ; Alyea, and ihieksti-uni, J. A/nar. 
Chern. jSoc., 1929, 51, 00. 

Luniicre and Soyewetz, Bull. Soc. chim., 1905, pii.!, 33, 444. 

‘ Haggliind, Bar., 1929, 62, [B], 84, 437 ; Aiarusawa, Aailo and Fehida, Mou. Jluoju,i. 
Coll. Bug., 1929, i, 351. 

^ Reinders and A Ics, Jitc. Trav. chi)/i., 1925, 44, 249. For changes occuriang in solntions 
of various hydrogen sulphii.es in the presence of selenluni as catalyst, sec^’^andonmni, 
Atti R. Accad. Lined, 1923, [v.], 32, ii., 84. 
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Aqueous solutions of normal alkali sulphites are oxidised to dithionate 
by heatiny with lead dioxideA the latter being reduced to red lead. 
i\Ianganesc dioxide docs not react in this way. 

fvnalogous to tiie action of oxygen is that of sulphur, which slowly 
coiiATrts a sulphite in hot aqueous solution into tiic corresponding thio- 
sulpliatc, some trithionate being formed simultaneously.- The reaction 
o'oes to completion with excess of sulphur, and is accelerated by the 
presence of sodium sulphide. 

Crystalline hydrazine derioatives of certain sulphites, for example of 
zinc, cadmium, manganese, cobalt and nickel sulphites, have been 
prepared.^ Wlicn aqueous manganous sulphite containing excess of 
sulphurous acid is neutralised with liydrazinc liydrate, a white crystal- 
line compound, IMnSO.^.XoIl.i-HoSOg, is formed. A solution of cobalt 
hydrogen sulphite similarly treated yields a red compound of composi- 
tion 5CoS03.9X2n4.6lIoO, but if the hydrogen sulphite is added to an 
excess of concentrated hydrazine hydrate solution, a bul'f-coloured com- 
pound, CoSO3.2XoId4.H9O, results. A suspension of the latter salt 
treated with sulphur dioxide aives two red sulphites, CoSOo.2X9H,i. 
H2SO3.2IL2O and C0SO3.X0H4.H 0803.0-51190. The other (red) com- 
pound similarly treated yields a brown substance, 2CoS03.X^oH4.3H.20. 
Similar products from sulphites of the other metals mentioned may 
be obtained. 

By the action of alkali hydrogen sulphites on alkali nitrites, com- 
pounds are obtained the structure of which may be derived from that 
of orthiO-nitrous acid, X'(OH)3, by substituting the sulphonic acid 
group, —SO.,. OH. for one or more hydroxyl groups. 

The acid sulphites possess the property of forming crystalline additive 
compounds luith aldehydes and ketones d Sodium hydrogen sulphite is 
therefore largely used for the purification of compounds of tlicse classes ; 
the sulpliite acids on at the carbonvl group. >C : O, formina' the group- 
.OH 

ing )>Cy , and tlie original organic substance can be liberated 

\O.SOoXa 

by suitable treatment with acid or alkali. 

Calcium bisu]])hite is largely used in tlie manufacture of sulpliite 
pulp,*' from whicli ]:!aper and A'iscose silk (see p. 204 ) may be produced. 
AVood chips or shaAongs are boiled Avitii the bisulphite under pressure 
and so yield cellulose, AviAich at the same time is bleached. The bisul- 
phites of magnesium and the alkali metals are also sometimes used. 

It is of interest that there is a frequent occurrence of isomorphism 
betAveen the sulphites and the corresponding carbonates : this would 
appear, at first sight, to indicate cpiadriAxilency of sulphur in the sul- 
phites, but the CA'idcnce is untrustwortliy and insulhcient (see later ).'' 

Constitution of Sulphurous Acid. — -In deciding the constitution 
of sulphurous acid, choice has to be made between the tAvo altcrnatiAms 

^ Hac, Coll. Cz^.di. Chc//i. Connn., 1929, I, 2.59. 

“ ifararc'aves and DiinnuiLibain, J. Sue. CJicm. ind., 1923, 42, 147 T ; Watson and 
llajaeopalan, J. Indian In.s-f. dci., 192.5, 8, A, 275. 

Lay and Goswann, ZeiUch. anorg. Chem., 192S, 168, 329. 

^ Foi' the action of sulphite.s on other type.s of organio compounds, see llucherer and 
Barsch, J yralct. Gho-iii., 1925, [li.], iii, 313 : Bucheror and Blofl’niann, ibid., 1929, [ii.g 
121, 113 ; liagglmid and Ringbom, Zcilsch. anorg CJitin., 192G, 150, 231. 

^ The inelailic sulphiles arc dealt with individually in other volumes of this series, 
under the various metals. 
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/OH /OH 

)S<f and 0 = S<' 

q/ \h ^OH 

the unsymmctrical structure and tlie symmetrical structure. ^ It mav 
be stated at once that no absolute decision is at present possible ’^^■ith 
respect to the inorganic salts of sulphurous acid and the aqueous acid 
itself, although clear e^•idcnce is obtained with the organic sulphites. 

When an alkali sulphite is allowed to react with the bromide or iodide 
of at\ organic radical, for example with ethyl iodide, the resulting 
compound, ethvlsulphonic acid, undoubtedly possesses the unsym- 
- 0,^ xOI-I 

metrical structure, , because not only docs the corresjjond- 

0^ \C.J 15 

0. /OCJ-I5 

incf clictlivl compound /S<; (ethyl ethylsulplionate) iiierely 

" ‘ 0^" ^cj-15 

undergo decomposition to the stage of the potassium salt C Jl 5 .S 0 .,. 0 K 
when heated witli aqueous potassium hydroxide solution, but also the 
parent ethylsuliDlionic acid can be obtained by the oxidation of ethyl 
hydrogen sulphide, C 0 II 5 .S.H. in which the ethyl radical is certainly 
attached directly to sulphur.- 

On the other hand, thionyl chloride reacts with ethvl alcohol to 

/O.CJ-I 5 

produce a compound of the symmetrical structure 0 = Sd 

This diethyl sulphite is a colourless licpiid of b.pt. 161° C., and is quite 
distinct from the foregoing isomeric ethyl ethyls ulphonate (wliich boils 
at 207° C.), being decomposed by aqueous alkali with formation of 
alkali sulphite and ethvl alcohol - and reacting with orgaiio-magnesium 

iq 

compounds with the formatioji of a sulidioxidc, qS = 0 , wdiere 11 

IK 


represents the organic radical.^ 

Organic compounds are therefore obtainable reprcsentati\'e of both 
the symmetrical and the unsymmetrical structures. Only one scries of 
inorganic salts is known, however, and the task oi' dehnitely assigning 
to them one of the structures is a matter of great dilliculty, because 
the purely inorganic evidence is coiillicting.^^ 

AVhilst the formation of thionyl chloride by the action ol’ phos})[iorus 
pentacliloride on an alkali sulphite favours a synimetrictal structure for 
the latter, the interaction of an alkali sul])hi'tc with ctliyl iodide, as 
mentioned already, is directly opposed to this evidence, as also is the 
production of sodium sulphite on reducing sodium ditiiionate with 
sodium. The remaining inorganic evidence is little more satisfactory. 

AVliat appeared to be linal evidence Avas once brouglit forward in 


Strecker, Aunaltn, 1868, 148, 90 ; Michacli.s and Waunor, Bcr., 1874, 7, 1073. 
Micliaclis and \\ agnui’, /oc. ci7. ; ^Iichacli.s, 1 873, 170,31 : llloiM^t.rand, ilc/'., 
1870, 3, 057 ; Barbaiflia, ibid., 1872, 5, 270 ; Dixon, rkil. 188G, | v. |, 21, 127. 

^ Strecker, Ber., 1910, 43, 1131. 

^ See Divers, Truhs. Clitrn. Sac., 1885, 47, 205 ; Diver.s and Sliimidzu, IbuL, ISSG, 49, 
0/7 ; Spring, Btr., 1874, 7, 116 ; Do.senheim and others, ibid., 1898, 31, 405 ; 1904, 37, 
21o2 ; 1905, 38, 1298 ; Stokes, Trans. Ckern. Sac., 1869, 22, 174 ; DaubiGTiv, Compt. rend., 
1910, 150, 973. ^ “ 

^ Baubigny, loc. cit. 
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the description of two isomeric salts obtained by the neutralisation of 
sodium hydrogen sulphite with potassium carbonate solution and of 
potassium hydrogen sulphite with sodium carbonate solution.^ These 
two salts dissolved in water to give identical solutions, in accordance 
^vith the theorv of electrolvtic dissociation, and their structures were 
O O 

assumed to be Xa— S — -O — K and K — S — O — Xa, respectively, tlic 

:: i; 

6 6 

former yielding crystals wdth two molecules of water of crystallisation, 
the latter with one. Subsequent workers, however, have been unable 
to confirm these observations.- 

Xo final or absolute decision is therefore yet possible. By analogy 
with other cases of a similar type amongst organic compounds, the 
])ossibility of a “ dynamic isomerism must not be left out of considera- 
tion. It is quite possible that in sulphurous acid solution, molecules 
of the symmetrical and the unsymmetrical constitution may be present, 
side by side, in equilibrium with one another, and that even in solutions 
of the salts a similar condition of equilibrium may exist. Indeed, the 
distinctly contradictory nature of some of the chemical evidence favours 
this view. 

Raschig ^ suggests that the normal and acid sulphites may be 
respectively formulated as 


O 

Xa— S— Xa 

vx 

0—0 


and 


H— S— OXa, 

oX 


these structures indicating the tautomeric forms in which the acid may 
exist. The unsymmetrical constitution of bisulphites is in accordance 
with tlie formation of [a) amidosulphonic acid by the action of hydroxyl- 
amine hydrochloride on sodium hydrogen sulphite in the presence of 
excess of sulphurous acid, and {b) hydrosulphurous acid by the reduc- 
tion of hydrogen sulphites. The fact that normal sulphites do not 
react with nitrites may be explained by ''steric hindrance,'’ due to the 
central position of the sulphur atom. 


Sulphur Trioxide, SO 3 . 

Historical.— The first mention of sulphur trioxide is by Basil 
Valentine at the end of the fifteenth century. The method of formation 
by heating ferrous sulphate was first described in 1075 by Lemcry, 
whilst the preparation by lieating fuming sulpluiric acid was disco\'ered 
a century later by Bernhardt. Scheele and Guyton de 2>Iorveau first 
recognised the compound as sulphuric cuihijdride. 

^ Uohng, J . prali. Cheni., J.SSS, [2], 37, 250 ; Schwicker, Bcr., 1381), 22, 1728 ; Barth, 
ZtiLsch. physihd. Clitm., 1892, 9, 176. 

- traps, Arner. Chtm. J., 1900, 23, 202; G(xll>y, Pwc. Ch-m. 1907, 23, 241 ; 

Arbusoll, J . liiLss. Phijs. Clit'no. Aoc., 1909, 41, 447. 

Raschig, Schwefel- und StichstolT-siuditn, 1924, pp. 1, 225, 242 : Chtm. Zeulr., J924, li., 
16, 10G9, 1093. 
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ForBjitition S-iiU Pr0p£r2ition. — (1) Sulpliur trioxide is fornied 
a small extcat too-ctiier vvltli siilpliur dioxide wlien sulpliur ^ or co: 
pou^ids or sidpiiiir “ are ])urned in oxygen or air (sec p. 108). In 
oxygen I:on"i). iii tine lyresencc ol a. con\poiind wludi on coinbusti 
yields mater A'aponr and oxides o!‘ nitrogen. For exannple ainnionii 
nitrate, the eoindoustion goes completely to sulphur trioxidc (see }). 45) 

(2) (a) Surjdiur dioxide, mlieri cxj)oscd to strong illumination, iindi 
o'oes partial amd rev'crsible conversion into suhduir and sulphur trioxi 
(p. 114). 

(b) Sul])]iur dioxide is easily com/erted iiRo the trioxide by the acti 
of oxygen and gentle liea.t. A’oove i50'" C. there is a tendency towai 
the Icrmation of an e([ni]il)rium mixture of si!l[)hnr dioxide and trioxi 
mith oxygen, hut belovr tins temperature the amount oI dioxide in t 
cqiiilibrinm mixture is almost inap])recia!)ic. It is inadvisable, the 
fore, to allom' the reaction to occur at too high a tenpxTature, but, 
the same time, tiic te]U])erature must not be too low, otherwise the r^ 
oi‘ change -will ])c v(‘ry slow. 

The cluiipgx' lias been su.])mittcd to earefu] })hysico-eIiemical ( 
amination and is round to accord with tlie usual method ol' expressh 

2SOo-i-02 : . - 2SO3, 

in agreement witli wbieli arc; the facts tliat the reaction is tcnnolecn 
anerthat increase in pivssiirc' greatly IVu'ours the ibrmation ot trioxid 

Tlu' j)resen(*e oi' i,ra(‘(‘S of moisture' c'xc'iTs a \n‘rv considerable favoi 
able el'feel on Ihe rale of combination of the ga.s('S ; reaction after dryi 
with ])]iosphorns jamioxidc' is r(']afi\’eiy sluggisiu' 

i\]any solid subs-anecs arc' rc'ina rkiibly a(;ti\’C' in accelerating 1 
cliangc- ; c'spec'ial menlion may ix' nuich' of hnc'ly dix’idc'd platinui 
in this rcsjx'C't. in llic' [ }rc'sc‘nc'(' ol' platinum blac'k ah a tc'inperaturc 
48,2 ('., 8o-S pcTC'cnt. cf tin' dioxide' may I x' ('on\'c'rt('d into the; trioxicl 
Sugar (‘Jiarc'oaJ and tlx' oxidc's of iron. C'opjier. vaiuidiuin and arson 
arc' aniona'sl otlic'r substanc'cs whic'h posst'ss ('.atalytic; powc'r over i 
rc'aetion. and allhouL'li tlic-y are wc'akc'r cala.lx'sts than platiminn ■ 
bind proportions ol (iioxidc' and trioxide in ihc' ('(juiiibrnini mixture 
but little' alTe c'leei l)\' ihc' nature' e)i the' e.aialyst. useei.'* ] lu' pres 

^ lifnipci, />(/., Is'.IU, 22, I I.')."); ( '(-I fio'.;, iriruan and ia-ndcr, J. J //e/'. CIk'hi. 

1 '.lldi, 48 , L’T.'m . 

-- Sclicmvf- l\c.,l !i!T, i< ml , 1S7.,, 8 o, ISS}, 99 , 817 ; LmrLf(‘ and Sala 

/8 1S77, In, isdl. 

Id adlf'v , ( 'i a 1)111 and !-ii)\d,//n/ /.//'/. C '/m / a I 88(1, 1 8 , dSli ; Lohniit, i/ed., 1827, 

lex;.',. 

' Uud and llMiir.a.nri, Jaawd,/, Iseio, 113 , 128; W ddc, 78 /a, i sT-l , 7 , ddd ; Knud 
idn/ , 1801 , 34 , Kara. WmiMm, lUn[i\ j-i'bi Isda, 218 , I2S; i d-ss, .d /O/. I’ltys.Ch 
1 S 1 3, j n . j, Sd, i ~ I • 1 1 a ) I ! f ( a 1 , t'litl , I s7 8, ! 1 1 I, i 50 , 82 ; 1 )f n 1 1 li Lull. Xnc. f7e a/ 1 Sdn, 
3 , 8 i;() ; id. (Hand) r and I'.onnin, Z' Lh f.l / nrin xi 1808, 9 , 7)38; Lucas, ) 
1803, I'i, (37. nt).!i n -! . in, ///a/, I 808 , 9 , trui ; i d)d<!i ;0 (“in and IN ihl , 7;u/., 1803, ii, : 
1 )( )d( •n.-.t I ‘1 n a I id !• ml-., 7^* i>liiri/<!' ( h' m , l!lo7,6o, I, !('); 1 >( idcnst cm, ih/fl., 1812 

i IS; Wolilfi-, l-'u.-r. and I ”n id da n; a n ! 1 , 73/ , ! 808 , 3 (), 8 .d 8 >S . loiKdav, Zmlyrh. ZhLirorh 
i8(a>, 12 , 128, e’oidiii and rai l-.a:, Ztii'ch. y)////.-whn/ ('/k/ii., I 8 I 0 , 70 , SS ; \\ udand, 
1812 , 45 , (is... 

■' I’.cil, Zt if'-i'lf . n/ini'j, ('in HI , l 80 .d, 44 . 2(17. 

•’ I’lidlips, IZtIish 7V//. no*. ;n ( i s8 ! ) • .Macnio, Ann. Piiijs.i 1S82, jn 24 , ( 

■ WciimTand I ilci. .Xnn.Chtm mml., 18iS, 23 , 87. 
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commercial process for the mamafacture of suIjhiTir trioxide is based on 
the use of such catalysts (see tlie '' Contact Process ” for the manu- 
facture of sul})huric acid, 150). 

(c) When a mixture of sulphur dioxide and oxyyen is subjected to the 
silent electric discharge, more or less complete conversion into sulphur 
trioxide occurs, the amount of conversion depending upon the com- 
position and pressure of tlie gaseous mixture.^ If oxygen is activated 
alone by the discharge it readily unites with sulpliur dioxide after 
removal, but sulphur dioxide is not itself activated by the discharge.- 

(3) (a) Phiming sulpluiric acid,^ when carefully distilled into a well- 
cooled receiver, gives a crystalline deposit of sulphur trioxide as the 
first fraction : ordiiiary sulphuric acid remains in the retort: 

HoSA=H,S 0 ,-i-S 03 . 

(/>) The pyrosul]diates resemble their parent acid (sec (S) (a)) in 
yielding suljohur trioxide when lieated ; - a similar result is obtained 
on heating with sulphuric acid : 

Xa.SA=^''aoSO,-SO., 

Xa ,S ,0 , d- 112^0 4 = 2XaHS0 4 SO 3 . 

(4) (a) The elements of water can be removed from sulphuric acid by 
treating with an excess of phosphorus pentoxide,*" when the resulting 
sul]:)hur trioxide may be removed b}' distillation : 


(b) Many metal sulphates derived from the more feebly basic metals 
when strongly heated in an anhydrous condition are con^’erted into 
oxide, with loss of sul])hur trioxide." Ferric sulphate is one of the best 
known examples. On account of the high temperature necessary there 
is a tendency, liowever, for tlie sulphur trioxide to undergo partial 
decomposition into dioxide and oxygen, and a similar tendency is 
obscix'ablc with the j^yrosulphates (see (3) (b)). With botli classes of 
salts reduction of pressure allows evolution of the trioxidc to occur at 
a lower temperature and so renders tlie result more satisfactory. 

(5) Especially interesting from the evidence wliieli it supplies as to 
the ]iossibility of a bimolccular structure for sulpliur trioxidc is the 
formation of this substance when suiphuryl ciiloride and silver sulphate 
are heated together. TTiis reaction would be expected to follow the 
course 

O. /Cl Ag.Ov /O /Ov /O 



Ag.O' 




^ ]Lliako\', jSci. Chont. Cnth. Kalti Irioslav, 1926. p. 2()7. 

- Lor the influence of on the reaction, sec iMaisin, Amt. Soc. Set. BruxelJe.--, 

1927, 47, B, i., 172. 

•’ Osann, DingL ■jjoly. J., 1859, 151, 15S : Seluiltz-Sellack, Bn., 1871, 4. 110: A>)gel 
and Partington, Treru'i. Chem. Soc., 192.7, 127, 1514. 

Prelier, Bharhi. Cenfr., 1848, 19, 704 : Wolters. JJi'nql . gioly. J 1878, 230, 451 : Bcr., 
1S7S, II, 1946. ' ' ^ Wolters, Bcr., IsM, 14. 122. 

IP^irreswil. Corn'pt. rnid., 1847, 25, 30 : Lvatis, T ram. PJiarrtt. J ., 1849, 8, 127 ; 2\obel 
and Fehrenbacli, Ber., 1885, 18, 201. 

' Schubert, Btr., 1890, 23, 515 ; Hill, CJicm. Brir.s, 1895, 72, 75 ; Keppeler and db-Vns, 
Zeiiscli.jjhy.^iihal. Clicm., 1908, 62, 89 ; AA^'chler, Pluddemann and Woliler, Bcr., 1908, 41, 
703. ® Odiing and Abel, Trans. Cliem. Soc., 1855, 7, 2; Divers, ibid., 1886, 49, 584. 
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and, as will be seen later, sulphur trioxidc can exist in a biinoleeular 
condition (see p. 14t). 

The trioxide, jwoduced by any of the preceding methods, can be 
purified by repeated distillation, followed by treatment with phosjjhorus 
pentoxide\at 00° to 100° C., being finally separated from tlic pentoxide 
by distillation or decantation. ^ 

Physical Properties. — It has long been recognised that sulphur 
trioxide is capable of existence in more than one form,- but the exact 
nature of the polymorphs has been difficult to define owing to gross 
irregularities observable in the physical properties of different specimens 
and even of individual specimens after lapse of time. 

Two solid forms, distinguished as a- and ^^-modifications, were 
described by 4Iarignac ^ and others ^ and are now generally recognised. 
The a~ or '' ice ” form is that corresponding with ordinary molten 
sulphur trioxide ; it consists of colourless prismatic crystals which 
melt at 16’ S" C. to a fairly mobile liquid, less viscous than sulphuric 
acid. The pure liquid is colourless, but the presence of organic matter 
causes a brown coloration. The density of tlic liquid has been found 
to be as follows : 


i Temperature, 
‘C. 

Density. 

■ Observer. 

Temperature, ■' 

W. 

Density. 

Observer. 

11 

1*944 

Schenck ^ 

40 

1*8335 

Berthoud 

16 

1-940 ' 

Weber ^ 

50 

1*7812 


20 

1*9255 

Berthoud ^ 

60*4 

1*718 

Schenck ^ 

25 

1*9040 

?? 

80*3 

1*617 


30 

1*8819 j 

55 

100*0 

1*529 

1 

5 5 1 


The liquid has a coefficient of expansion of ()-()02()05 ^ for the 
temperature range 15° to 20° C., a refractive index, n~('°=:ri.4()0(;5.9 and 
boils at 44 - 8 ° C. under 760 mm. pressure.!^ ^Vhen kept at a temperature 
below 25° C. for a considerable period, it undergoes gradual conversion 
into the more stable /3-form, which slowly separates ; for this reason 
the earlier boiling-point data in the literature "show considerable varia- 
tion. Experiments with solutions of suljdiuric acid, sul})honal and 
trional in the liquid indicate a value of lo-5 for the cbullioscopic constant. 

^-Sulphur trioxide, the more stable solid form, usually consists of 
long fibrous needles, and is designated tlie '' asbestos ’’ Ibrm. When 
heated above 50° C. it vaporises without melting, but in a sealed tube 
tlie crystals melt over the range 50° to 80°' C. 

1 Weber, A;m. Phi/s. Chen., 187(5, [ii.j, 159, Slo : Be\, 1880, 19, 3187. 

- HaTignac, Arch. Sci. -jjhy.s. Jiat., ]Sr)3, 22, 325 ; 1875, 52, 236, 

^ Mangnac, he. cil. 

Schiiltz-Sellack, Bo., 18/0, 3> 215 ; Bull. Soc. chini., 18/0, 14, 154 ; Odclo, Guzzctlci 
1901, 31, ii., loS ; : ; lionck, Annalcn, 1901, 316, 1. 

Schenck loc. a'.. Weber, Bogy. Ainialen, 1876, 159, 313. 

• Berthond, Ih-h. Chim. Acta, 1922, 5, 513. 

^ Lichty, J. A?ncr. Chon.. Boc., 1912, 34, 1440. 

^ Nasini, Bor., 1882, 15, 2885 ; Gazzetta, 1927, 57, 667. 

Smits and 8cboenmaker, J. Chon. Soc., 1926, p. 1108. 

Beckmann, ZtiUch. anorg. Chem., 1912, 77, 90. 
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x4s would be expected from its increasing dissociation at Iiigher 
temperatures, sulphur trioxide is formed from suljdmr dioxide and 
oxygen with evolution of heat, the amount being 82-1 Calories per gram- 
molecule formed, whilst the heat of formation of the li(piid trioxidc from 
its elements is 103-2 Calories per gram-molecule.^ The latent heat of 
vaporisation per gram-moiccule of liquid sulphur trioxide is 10-3 
Calories.- 

In accordance with its nature as tlie more stable form, /9-sulphur 
trioxide is found to give lower vapour pressures than the a-modiheation, 
whilst its heat of formation witli respect to its elements, namely 111-6 
Calories, is greater. 

The existence of two polymorphs was questioned by Weber, ^ who 
maintained that the /3-form was a hydrate of sulphur trioxide, and this 
also was the conclusion arrived at by Berthoud,'^ after determinations 
of the melting-points of the two forms, and of the vapour pressures of 
liquid sulphur trioxidc. The latter investigator, however, described it 
as a hydrate unique in its remarkably small water content — estimated 
at less than 1 molecule per million molecules of trioxide. 

Again, Le Blanc and Ruble, ^ in order to interpret the results of a 
large number of observations of the vapour pressures of solid and liquid 
sulphur trioxide, using specimens prepared by different methods, and 
also from melting-point determinations, found it necessary to postulate 
four different modifications, namely “ A ” (m.pt. to 100 ° C.), ‘‘ B ” 
(m.pt. 31° C.), “ C ” (m.pt. 16-8° C.), D ” (m.pt. lower than 16-8° C.). 

C was obviously the a-form. 

Oddo expressed the view that the a-form — liquid sulphur trioxide — - 
could be represented by the simple formula SO 3 , wliilst the more stable 
/3-form — ordinary fibrous or asbestos '' sulphur trioxide — was to be 
regarded as a dimeride (SO 3 ) 0 . This A'iev/ followed from a series of 
determinations of freezing-point depressions and vapour density 
measurements.^ In the former experiments irregular values were 
obtained when liquid sulpliur trioxidc was used as solute, owing to tlie 
formation of solid solutions. The results, however, using phosphorus 
oxychloride as solvent, agreed with a molecular weight corresponding 
to the siinplc formula. Witli sulpliuryl chloride and ethyl chloro- 
acetate as solvents the ^•alues for the iibrous form corresponded to a 
theoretical molecular voeight of 160. Vapour density determinations 
for liquid and fibrous sulphur trioxide ga\'c mean values of 82-68 and 
83-77 for tlie respective molcculor weiglits. Thus a small degree of 
association in tlie vapour state is indicated, though this can scarcely 
be seen in the followin.g data obtained by earlier investigators : 


^ Thoinseii and Lurke, Thtrmoclititd.stry^ p. 210 (Longmans, 19(iS) ; Barthdot, Coiiipt. 
rend., 1877, 84, 67(5 ; 1880, 90, 1149 ; Bodlander and Koppen, Zeiisch. Eleldroche)/)., 1903, 
9,787 : Budcnstcin and Pohl, ihid., 1905, ii, 373. 

- Berthoud {/oc. cif.) eakailated from vapour tension values; Berthollet {Couijji. rend., 
1880, 90, 1510) gives 11-8 Calories. 

2 Wmber, Ur. cil. : Eer., 1886, 19, 31S7. Sec also Rets, Ibid., 1888, 21, 596. 

Berthoud, /ec. cit. 

^ Le Blanc and Rulile, Ber. Mat. plryn. Sacl/.s. Abid. ItUy., 1922, 74, 106. 

^ Oddo, Gazzelta, 1901, 31, [u.], 158 ; 1927, 57, 29 ; Oddo and Casaiino, ibid., 57, 47, 
60, 75 ; Lichty {luc. cdt.), liowever, found the same molecular weight tor both the a- and 
/5-forms. 
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; Pressure, 
i mm. Hg. 

i Temperature, 

■0 

; Density 

(Rydrogen^l). 

Observer. 

i 22-1 

22-8 

40-0 

Perman.^ 

40-5 

22-7 

30-2 


56-7 

22-1 

40-9 

5 • 

7 G 0 

46 

i 39 - 4 - 39-7 

' Schultz-Scllack.“ 


The behaviour of the asbestos-like /3-1‘orm is more conijhex, however, 
than can be accounted for by regarding it as a simple dimer ide, ancl 
several chemists iiave expressed t.he belief tliat it contains two distinct 
constituents, one unimolecular and the otlicr bimolecular ; the former 
is described as a fusible ciystalline solid, melting at about 30"" C., and 
the latter as an infusible substance.^ 

What appears to be a ]Drobable solution to the problem has been 
put forwarcl by Smits and Schoemnaker after an investigation of the 
changes in vapour pressure and the corresponding clianges in the melting 
temperature of the intensively dried and purified substance. Two 
asbestos ” forms were separated by distillation under reduced pressure, 
a high-melting form, ni.pt. G2-2" C., and a low-melting form, m.pt. 
82*5° C. The third form corresponded to a-sulphur trioxide, or the 
“ ice form, of m.pt. 16-8^ C.^ It veas found that with each form the 
vapour pressure diminishes continually. Thus, after the “ ice ” form 
had stood for fifty-six hours at 18" C. the vapour pressure at Cr C. 
diminished by 71-4 mm. of mercury, and on repeated distillation it fell 
continuously to 22 mm., the initial value having been 20T-8 mm. lluring 
this fall, the initial melting-point first rose and then fell. Similarly with 
the high-rn citing ” asbestos ” form, the fall of vajiour jircssure after 
distillation was very marked. At 50" C. a decrease from 501 to 37 mm. 
of mercury was noted, but on keeping tlic substance at this temperature 
the value slowly increased, after nineteen hours being 214-5 7nm., and 
recovering its original value after 150 days, further increasing to 
620-2 mm. after 255 days. It was found that tlie sam])le botli before 
and after these changes gave identical X-ray photographs. The effect 
of the X-rays was to give a rapid increase in the value of the vapour 
pressure. The low-melting “ asbestos " form, which was obtained as 
clusters of fine needles, did not lend itself to intensive drying, since it 
readily passed to the high-melting form ; but sanrplcs which were not 
intensively dried showed behaviour similar to the foregoing. The 
high-melting form, whieli is the stable form of sulphur tinoxide. was 
obtained by cooling the *' ice ” form in licjuid air or distilling rc])eatedly 
at 18" to —80^ C. Above U"U C. tine '' ice ” form is a clear liquid. 

In order to explain the foregoing bcliaviour, Siuits and ScJioenmakcr 
assume that sulphur trioxide consists of a mixture ol‘ two different kinds 
of molecules which not only change one into the other, but combine to 

^ Lerman, Froc. Hoy. Soc., 1890, 48 , 57. - Schultz-Sollack, Jlcr., 1870, 3 , 215. 

- SclienclnU/raaL/;, 1001,316, 1 ; OddoPor-. ; Olinm, (Annpt. n nd 191:7 157,221; 
Liclit.y, Joe. cil. 

8 mits, Clicrn. T1 eeJchJad, 1924, 21 , 594 ; Sinil.s and Scliocnmaker, Ttuiis. Chtrn. Soc., 
1924, 125 , 2554 ; 1926, pp. 1108, 160:3. 

Cf. tlie “ A, ’ B ’ and C forms of Lc Blanc and Ruhlc. 
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give a dissociable compound, the reactions leading to the attainment 
of an inner equilibrium which may be represented as 



The various modifications of sulphur trioxide will tlierefore act as 
mixtures of tlicse three constituents. In an ordinary preparation the 
condition of equilibrium is more or less raj^idly attained, but in an 
intensively dried material the A^elocity of such inner transformation is 
considerably retarded.^ On realising this condition, as already shown, 
both the solid and liquid states l^ehaA'c as mixtures. Exposure to 
X-rays accelerates the attainment of the imier equilibrium. 

The critical data for sulphur trioxide have been found to be as 
follows : “ Critical pressure, 83*8 atmospheres ; critical temperature, 
218-3" C. ; critical densit\% 0-033. 

Chemical Properties. — Both the a- and /3-forms of sulphur 
trioxide exhibit as a rule the same chemical behaA'iour, although the 
^-A’ariety is less active. 

At the ordinary temperature sulphur trioxide forms dense fumes in 
moist air, caused by the formation of sulphuric acid. The anhydrous 
substance ])ossesses no acidic properties, but combines violently with 
Avater, producing pyrosulphuric and then sulphuric acid, the heat eA-^olu- 
tion with a large excess of water amounting to 40-3 Calories per gram- 
molecule of SO 3.^ The heats of dilution {II) for one gram-molecule of 
SO 3 with n molecules of H 2 O are as follows : 

n= 1 2 3 5 1600 

L/=21-3 28-04 31-31 34-14 40-34 Cals. 

Its affinity for Avater causes sulphur trioxide to carbonise many 
organic substances. 

From examination of the \*apour density it is known that the trioxide 
undergoes no appreciable dissociation below 430^ C., but at higher 
temperatures the percentage of dissociated molecules increases, until 
at near 1000^ C. tlic A'apour consists entirely of sulphur dioxide and 
oxygen.^ The catalysts which accelerate the formation of sulphur 
trioxide also facilitate its dissociation : 

2 SO 3 — 2 S 02 -f 0 o. 

The trioxidc possesses marked oxidising properties, in the exercise 
of Avhich it is generally reduced to the dioxide. YelloAV phosphorus 
soon inflames in the Ampour at the ordinary tem])erature, some of the 
trioxide being reduced even to sulphur.^ Phosphine is oxidised by solid 
sulphur trioxide Avith formation of phosphorus.'^ Phosphorus trichloride 

^ Sec H. B. and 31. Baker, Trails. Cheni. Sac., 1:)12, loi, 2339. 

- Bertboud, J. Chini. -JjJujs., 1923, 20, 77 ; Hr-Iv. Chini. Ada, 1922, 5, nlo. Other 
physical properties of sulphur trioxide are also aiveii. 

Porter, Traris. Faraday Sac., 1918, 13, 373. See also Thomsen, Btr., 1873, 6, 713; 
Berthelot, CotiipL rend., 1873, 77, 27 ; 1880, 90, 1511. 

Porter, lac. elf. 

^ Knietsch, Ber., 1901, 34, 4069 ; Bodeiistein and Kranendieek, Zeitsch. physilc/al. 
CJiern., 1912, 80, 148. 

Vogel, J. Che'in. Phys. {ScJiweigger), 1812, 4, 121. 

" Rose, A 7 m. Fkys. Chern., 1834, [ii.], 24, 140 ; Aime, J. puilct. Chem., 1835, 6, 79, 1872. 
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is converted into Die oxychloride. Hydrogen bromide and iodide yield 
bromine and iodine, respectively,^ whereas hydrogen chloride, as already 
described (p. 98), gives rise to chlorosulplionic acid. A± a red heat the 
metals iron, mai^iiesiinii and zinc are convei’ted into a mixture of the 
corresponding metalhc sulphide and oxide,- whilst mercury reacts at 
a much lower tempcTature, with the formatioji of sulphate and suh^hur 
dioxide.^ Manv metal sulphides, for example those ol‘ the alkalis, and 
of lead and antimony, are oxiclised to sulplmtes, with simultaneous 
production of sub)hur dioxide or sulphur.-^ Sulphur trioxicie frequently 
also exerts oxidising power towards organic substances, as for instance 
towards carbon disulphide, winch at higher tem])eratures gives carbon 
oxysulpliide (sec below), but the action with organic compounds is more 
commonly one of snlphonation. 

Reduction of sulpluir trioxidc by hydrazine gives rise to sulphur 
sesquioxidc,® possibly by primary formation of sul])hur, which combines 
with unaltered trioxidc (sec p. 224). 

Under the influence of the silent electric discharge sulphur trioxide 
combines with oxygen to form the so-called heptoxidc or persulphuric 
anhydride, SoO^" {cf. p. 180). At the ordinary temperature it forms an 
unstable blue sesquioxide, S^Og, with sulplmr. wiiilst with selenium and 
tellurium it forms the analogous compounds SeSO., and TeSO^.® Iodine 
combines with a termolecular proportion of sulphur trioxidc, giving a pro- 
duct 1(803)3, from wiiich the trioxide can be removed in se\'eral stages.® 

With many acid anhydrides sulphur trioxide condenses to form 
“mixed anhydrides'';'^ thus, i\itric anhydride gives XoO^.lSOo, 
possibly of the constitution XO2.O.SO2.O.SO..O.SO0.O.SO0.O.XO0"; 
nitrogen trioxide dissolved in carbon tetrachloride yields 2X^003.5803 ; 
at 126" C. boric anhydride gives IROo.SOo, whilst at 28v9° C. the j^roduct 
is B0O3.2SO3 ; chromic anhydride at TO' C. yields Cr03.S03 ; phosphoric 
oxide, arsenioiis oxide and selenium dioxide give the comj^ounds P.jO^^. 
6SO3, As,i 0^^.2S03 and ScOo.SOg, respectively. In the cold, carbon 
disulphide combines with sulphur trioxide forming a crystalline addi- 
tive compound, in wRich the former constituent, as a tlrio-anlnxlride, 
possibly functions in a similar manner to tlic ordinary anhydrides in 
the compounds j'ust described ; wdicn w'armed, this additive com])ound 
decomposes with formation of carbon oxysulphide, as alreadv mentioned. 
Sulphur dioxide is absorbed by sulpliur trioxide. gi^ing a liquid con- 
taining up to approximately 70 per cent, of tlie former and probably 
representing an unstable compound. 

Sulphur trioxidc combines with sulphuric, acid, produeiigg pyro- 

^ ]\Iic]iaclis;, Zeitscli. CIk-mi., 1S71, [li.], 7, I.j] ; AiTa.sti-oim;, J. praLi. Cfut/i., 1870, [ii.l, 
I, 244 : CiaiLsnizer, Ra*., 1878, ii, 2012. 

- d'Henreuse, Annahn, 1848, 68, 242 ; Bruc-knci-, Mfuiat.sh., 1005, 26, 675. 

^ Vogel, loc. cit. 

Geiither, Annalen, 1850, iii, 177. 

Armstrong, Bti 18G0, 2, 712. 

Ephraim and Piotrowski, ihUL. 1011, 44, 386. 

‘ Berthclot, Ccnnjjt mid., 1878, 86, 20. 

^ Weber, J. praJp. Chem-., 1882, [li.], 25, 2i8 ; Br.r., 1887, 20, 87. 

^ Pictet and Karl, Compt. mid., 1007, 145, 2.38 : BnJI. Boc. ckim., 1008, [ iv.], 3, 11 PI ; 
Adio, Ckci,). Xeirs, 1889, 59, 58 : Tran^. Clicm. Bor., 1891, 59, 230 ; WVber, Ann. Pln/l 
Chem.., 1864, [li.], 123, 337 ; 1871, [li.g 142, 602 ; R r., 1887, 20, 3, 86 ; 1886, 19, 3185 ; 
Stavenhagen, Zeiisch. anorg. Ckc.ni., 1893, p. 283 : Ho.so, ,4///'. Bky.-i. Cheni., 1836, f li.l 
175; Schiiliz-Sellack, 1870, pi.], 139, 480. 

Armstrong, loc. cit. 
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sulphuric acid, ^ whilst the sulphates yield pyrosulphates. Perdisulphates 
also absorb the trioxide, giving the so-called '' per-p\wosulphates ; 
thus potassium pcrdisulphate combines with a bimolccular proportion 
of the trioxide to form potassium per-pyrosulphate, KoS^O^j, probably 

K.S.0,.0..S,06-K*' 

It has already been recorded (p. 142 ) that hydrogen chloride and 
sulphur trioxide react to produce chlorosulphonic acid. The alkali 
chlorides, on the other hand, form chloropyrosulphonates, e.g. ClSOo.O. 
SOo.ONa. which are crystalline solids, decomposed by water ; ^ the 
alkali fluorides, however, yield tire corresponding fluorosulphonates, 
such as F.S03Xa^ (see p. 86). Sodium nitrite produces a '' nitrosotri- 
sulphonate,'' XOo(S03)3X'a.“ Alkali chlorides may be converted to 
sulphates with evolution of chlorine by the action at 800 '' to 600 ° C. of 
a mixture of sulphur trioxide and air. Xo fusion occurs nor does the 
evolved gas contain any sulphur dioxide.'^ 

Towards many chlorinating agents the a- and /S-varieties behave 
differently. Thus with phosphorus pentachloride the a-form yields 
phosphorus oxychloride with some pyrosulphuryl chloride, S2O5CI2, 
and evolution of sulphur dioxide and chlorine : the ^-form yields the 
two former products, but neither sulphur dioxide nor chlorine is evolved. 
Sulphur monochloride with the a-form yields the dichloride and sulphur 
dioxide ; with the /S-form no gas is evolved. With carbon tctracliloride, 
pyrosulphuryl and carbonyl chlorides arc formed, the reaction being 
much more rapid witli the a- than with the , 5 -variety. The following 
has been suggested as the course taken by tlxe latter reaction, which is 
shown by the velocity constant to be unimolecular : 

2SO3-CCI4 — ^[SO.Cl.OJoCC;^ — ^[SOoClJoO-COCU. 

Constitution. — As has been stated earlier, sulphur trioxide in the 
gaseous condition is unimolecular and is therefore correctly represented 
by the molecular formula SO 3. 

At one time, influenced largely by the fact that in sulpliur tetra- 
chloride sulphur attained its highest state of valency towards any uni- 
valent element, many chemisU preferred to regard sulphur as never 
exceeding a quadrivalent condition, and therefore expressed the molecular 

This argument 

was destroved bv the discoverv of sulphur hexafluoride, and to-dav 

- 

the molecular constitution 0 = Sf lor the unimolecular condition is 

fairly generally accepted.'^ 

For the bimolccular substance, which ajDpears to be the essential 
constituent of the asbestos form or the ^-trioxide (p. 139 ), the 

^ Schulze, Ber., 1SS4, 17, 2705. 

~ Schultz-Sellack, ibid., 1871, 4, 109 ; Traube, 'ibid., 1913, 56, 2513 ; also Ditte, Co/nj^t. 
rend., 1900, 13 1, 143. 

^ Traube, Ber., 1913, 46, 2525 ; Schultz-Sellack, Joe. cU. 

Zeilstoh-fabrik Waldhof and Schmidt, British Patent, 249474 (1925). 

^ Oddo and Sconzo, (Jazzdta, 1927, 57, S3. 

*’ Schroder, Ann. Phys. Che)ri., 1SS2, [111.], i6, 660 ; Divers, Trans. Cheni. Hoe., 1886, 49, 
584. 

' Oddo, Gazzetta, 1901, 32, [h.], 15S. 


structure of sulphur trioxicle by the formula 0 = 
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0., .Ov 

molccuLir constitution )S/ is probable, ^ the possibilitv of 

O'" "O 

such a structure being indicated by the method of formation (5) (p. 137), 
and supported by the dilferences^ in chemical behaviour, especially 
towards chlorinating agents as already indicated.- Moreover, that 
the change from the a- to tlie^d-form involves polymerisation is suggested 
bv the fact that the a-fonn can be stabilised for many months by the 
presence of certain negative catalysts, such as small amounts of suljdmr, 
tellurium, carbon tetrachloride, or ])hosphorus oxychloride ; ^ this is 
analogous to tlie preservative action of such catalysts on an aldehyde. 
A specimen of asbestos-like sulphur trioxidc, after being kept for twelve 
vears, has been found by cryosco})ic methods to have a molecular weight 
corres]Doncling approximately with. (503)5.-^ 

Pyrosulplioric Acid, 1-1.2820-. 

Although the substance of the composition 1128207 is capable of 
definite existence, the commercial products deviate from the composi- 
tion expressed by tlie formula and contain variable quantities of 
sulphuric acid witli pynisulphuric acid or of pyrosulphuric acid with 
sulphur trioxidc. For the purpose of including all varieties of impure 
pyrosulphuric acid, the somewhat vague tern.is oleufn/' ''\fuming 
sulpJacric add '' and “ X rr/rlhatisen siilphuric add '' are ad^ulntageous. 

Preparation. — (1) At one time fumi]ig sulphuric acid was largely 
prepared by the dry distillation of basic ferric sulphate wliich had been 
obtained by submitting ferrous sulphate to atmosjdieric oxidation and 
subsequently dehydrating the oxidation ])roduct fairly eom])letely : 

12FeSOj--^30o-4Feo(SO,,)3-l-2Feo03. 

Fe 2 (S 0 ,) 3 r 2 lL 0 -Fc 203 ~Ii 2 S 207 -T-H 2 S 0 ,.- 

The acid obtained will naturally vary in composition according to the 
extent of the previous deliydration. 

In the hfcecntli and sixtccntli centuries tlie alchemists obtained 
sulphuric acid in this manner, frcepnmtiy aiding the ])roecss by the 
addition of silica, and the process was worked on a, c.ommereial scale 
until the end of the nineteenth century. Froiri the .fact that much 
of the fuming acid was distributed from Xordinausen in Prussia, the 
name Xordiiaiisen sulpiiuric acid '' originated, hut little if any of the 
acid was nianu fact ured in tliis town.'‘ 

(2) The prescid method of manufaelurc^ is to treat ordinary siilphurie 
acid witli Uic necessary amount of su'pliur trioxidc,^ by wliicH procedure 
any desired degree oi' coimentration m.ay i)C‘ aUained. Tiic trioxide may 
be introduced in the iicjuid eojuiition, t)ut coinmercialiy it is sim[)lcr to pass 
the trioxidc r apours iVom tlie co.utaet eha.iubcu*s (p. lOO) directly into 
sulphuric acid oi‘ 98 to 90 ])er cent, concentration. Tlie iatter is usually 
contained in bubbling \*esscls or circulated iii towers. Tlie vapours 

’’ Oddo, G((zz(l(.«, JlJOi, 32, 'll.]. J.IS. 

- Oddo ard 8c(uizo, /or., r.it. 

^ Oddo and Sconzo, /or. ni. 

Oddo, Gazi-llft, ! 9 d 7 , 57, 2 i). 
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meet the most concentrated acid in the first vessel, and then pass 
through slightly weaker acid, and so on until the trioxide is completely 
absorbed. The acid in the last absorption vessel should contain 98 to 

99 per cent. PIoSO^ ; if stronger than this the acid has the same vapour 
pressure as the trioxide and the latter is not absorbed ; if weaker, a 
mist is formed which is diflicult to absorb.^- 

Ordinary commercial “ oleum '' is 20 per cent, oleum, that is, 
it contains 80 per cent, of I-I^SO^ and 20 per cent, of '' free ’’ SO3. 

100 parts of such oleum,” i.e. 80 parts of I-I2SO4+20 parts of SO3, 
can take up -Jg-X20=4*5 parts of IL^O, yielding 80+24-5 = 104-5 parts 
of I-L2SO4. Sulphuric acid containing high percentages of additional 
sulphur trioxide is frequently manufactured by distilling acid containing 
20 to 30 per cent, of the trioxide. 

Physical Properties. — Pure pyrosulphuric acid is a colourless 
crystalline solid ^ of melting-point 35"" C. ; the addition of a little water 
or of sulphur trioxide lowers the melting-point ; the colour of the acid 
is frequently brown, due to the presence of traces of organic matter. 

In the following table are given the melting-points for ordinary 
sulphuric acid containing gradually increasing proportions of additional 
sulphur trioxide ; ^ the maxima for pure sulphuric acid and pure pyi’o- 
sulphuric acid are evident at the values 0 per cent, and near 40 per cent, 
(sec also p. 167), 


MELTING-POINTS OF H2SO4-SO3 MIXTURES. 


Percenta^^e 
SO,. ^ : 

Melting- 
point, “ C. 

Percentage 

so,. ' 

^lelting- 
point, ° C. 

^ i 

Pereentase 1 
SO,. 

Melting- 
point, ° C. 

0 

4-10-5 

30 

4-15-2 

60 

4- 0-7 

5 

4- 3-5 

35 

4-26-0 

65 

4- 0-8 

10 

— 4-8 

40 

-433-8 

70 

4 - 9-0 

15 

-11-2 

45 

-r34-8 

75 

4-17-2 

20 

— 11-0 

50 

4-28-5 

80 

4-220 

25 

— 0-6 

55 

4-18-4 

1 



The specific gravity of “ fuming sulphuric acid ” reaches a maximum 
in the neighbourhood of 50 to GO per cent, of '' free ” trioxide, the 
composition of maximum density acid being dependent to some extent 
on the tem]3crature. In the next table are given figures for the 
specibe gravities of concentrated sulphuric acid and the fuming acid 
at 15'' C., which show clearly tlie irregularity in the variation of this 
j^liysical characteristic with gradual alteration in com])osition. 

Investigation has also been made of the viscosity^ vapour pressure, 
boiling-point, specific heat, heat of solution in water, electrical resistance 

1 RcLavid, J. Sue. Chern, hid,, 1924, 43, 57 T. 

- 5Ia,r'igncU', Anii. ChlvL. hhys., 1S5I>, [iii. I, 39, 1S4. 

^ fvnietsch, Ber., 1901, 34, 4102. 

^ Knielseh, loc. ci(.; Messel, J. Soc. Chcni. hid., 1885, 4, 573; (.Javellc, Mon, dcicnt., 
1913, 3, 1., 301. 

^ Diinstan and Wilson, Trans. Chern. Soc., 1908, 93, 2179. 

Porter, Trans. Faraday Soc., 1918, 13, 373, 3S9. 
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SPECIFIC GRAVITIES OF CONCENTRATED AND FUMING 
SULPHURIC ACIDS. 


HR 04 

Total SO, 

Free SO, 

: Sp. Gr. at 

i Sp. 
45 

(per cent.). j 

(per cent.). 

(per cent.). 

I 15= C. 

95*98 ' 

78*35 


i 1*8418 


96*68 ; 

78*92 

. . 

1-8429 


96*99 

79*18 


^ 1*8431 


97*66 

79*72 


^ 1-8434 max. 


98*65 

80*53 

. . 

! 1-8403 


99*40 

81*14 


' 1*8388 min. 


99*76 

81*44 


^ 1*8418 


100*00 

81*63 

0 

1*8500 ■ 

1*822 


83*46 

10*0 

1*888 

1*858 

. 

85*30 

20*0 

1*920 

1*887 

' 

87*14 

30*0 

1*957 1 

1*920 


88*97 ! 

40*0 

1*979 

1*945 


90*81 1 

50*0 

2*009 

1*964 


92*65 ^ 

60*0 

1 2*020 max. 

1*959 

! 

94*48 ' 

70*0 

I 2*018 

1 *942 


96*32 ^ 

80*0 

; 2*008 

1*890 


98*16 1 

90*0 

I 1*990 

1*864 


100*00 

100*0 

. 1*981 

1*814 


and capillarity ^ of fuming sulphuric acid of varying richness in sulphur 
trioxide. 

Chemical Properties. — Pyrosulpluirie acid, wliether joure or mixed 
v’itli excess of suljdiuric acid or sulphur trioxidc, readily undcro'oes 
decoin]:>osition into sulphuric acid and the trioxidc ; indeed, the fumes 
evolved at the ordinary temperature arc due to vaporisation of the 
trioxide from the molten acid or its solution in sulphuric acid. On 
heating the acid, sulpliur trioxide is expelled until the mixture of 
sulphuric acid and water of minimum A apour ])ressurc (08-3 per cent, 
sulphuric acid) remains. It is owing to this I)chaviour tluit pvro- 
sulplmric acid and ” fuming sulpluiric acids in general have ]io delinite 
and constant boiling temperature. 

In consc(]uence of this readiness of '' fuming suljduiric acid " to 
undergo fission into its tvro constituents, the chemical projxTtics of tlic 
acid are largely a blend of those of sulphuric acid and its anhydride. 

Platinum - and lead ^ are attacked more seriously ])v fuming 
sulphuric acid than by ordinary sul])huric acid, but of C()iisidcra])le 
technical A'alue is the fact that although a weaker acid corrodes Avrouglit 
iron, tliis metal becomes ” passive '' in acid containing more tlian 27 per 
cent, of “ free '' anhydride.'^ 

The fuming siilphnrie acid of commerce contains less sulphur trioxidc 
than corresponds with the formula and therefore consists of 

a mixture ol pyrosulpluirie acid and sulphuric acid. 

^ Knietscli, Joe. cil. - Scheurcr-Kestner, Compt. rend., 1878, 86, 1082. 

^ Tunoay, Chem^erd A^je, 1928, 19 , 27. Knietscli, Btr., 1901, 34 , 4110. 
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Constitution.— The constitution of pyrosiilphuric acid is to be 
reo’ardcd as that of an anhydride of sulphuric acid produced by the 
elimination from two molecules of the latter of a single molecule of 
water ; the structural formula is therefore OII.SOo.O.SOo.Oll, where 
the SOo-group possesses the same character as in sulphuric acid. 

Estimation. — The estimation of pyrosulphuric acid is generally 
effected by the addition of water to a dehnite quantity and determination 
of the amount of sulphuric acid formed. Various special forms of appa- 
ratus liave been suggested to obviate loss of the trioxide during the 
earlier manipulations.^ 

The amount of free trioxide in fuming sulphuric acid '' can be 
estimated by titration with water in a stoppered cylinder. The water 
is added until no further fuming occurs when air is blown through a 
glass tube on to the liquid surface.- Each molecule of water added 
indicates the presence of one molecule of sulphur trioxide, thus : 

I-IoO-|-S 03 =H 2 S 04 . 

A thermometric method of evaluating the fuming acid “ consists 
in adding excess of standard 80 per cent, sulphuric acid and titrating 
back with the '' fuming acid '' ; the temperature of the solution rises 
with each addition of the '' fuming acid ” until the water content of 
the standard is exhausted. 

Pyrosulpliates. — The pyrosulphates of the alkali metals are 
obtained most easily by heating the corresponding acid sulphates to 

2 KHSO 4 = K oS 0 O 7 -f H oO . 

This dehydration, however, does not proceed to completion even under 
reduced pressure, and in order to obtain the pure salts it is preferable 
to allow the finely divided anhydrous normal sulpliate to interact with 
sulphur trioxide. This latter process stands in fairly close relationship 
with tiic methods based on the treatment of a normal sulphate with 
clilorosulphonic acid,® with the aid of heat, and on the crystallisation 
of the solution produced by dissolving a normal sulphate in warm 
“ fuming sulphuric acid U 

KoSO.^SOs^K.SA : 

BaSO.-^Cl.SOo.OH-BaSA+HCl ; 

K.SO.-rHoS.p^ =KoSo 07 -bll.SO,. 

W]\en heated strongly, for instance above 450^ C., the pyrosulphates 
undergo decomposition into sulphur trioxidc and the corresponding 
normal sulpliate. The sodium salt, which melts at 400 -0° exiiibits 
appreciable dissociation at about 460° C. In contact with moist air or 

^ For example, see Vernon, Chem, Z(dt., 1910, 34, 792 ; Finch, Zdtsch. ScJiie.ss. Sjjrtnrj- 
sfofjictsen, 19.10, 5, 107. 

“ Parker, J . Sue. Chem. IncL, 1917, 36, 692. 

Somiya, Froc. Ihvp, Acad. Tokyo, 1927, 3, 76. 

Scliuitz-Sellack, Ber., 1871, 4, i09 ; Schulze, ibid., 1884, 17, 2705 ; Baum, ibid., 1887, 
20, 752. 

Cambi and Bozza, Avn. Cliirn. 1923, 13, 221. 

Schulze, loc. cit. 

” Schultz-Scllack, loc. cit. 

^ Cambi and Bozza, loc. at. 
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corresponding acid 


Sulphuric Acid, HoSO^. 

This commonest derivative of sulphur trioxide and the most im- 
portant of all acids from a technical and commercial aspect, has been 
known from early times, although its production on a large scale and 
at a low price dates from the success of the '' lead chamber ’’ process of 
manufacture, wliich revolutionised chemical industry in tlie early part 
of the nineteenth century. 

Occurrence. — Rivers and springs which have their sources in 
volcanic regions frequently contain appreciable quantities of sulphuric 
acidy the amount rising sometimes to 0-5 per cent. ; such waters arc 
found for example in Texas. The free acid is also found in the ground 
water on the moors near Danzig.^ Certain molluscs, for example 
Dolium galea, secrete a considerable amount of free sulphuric acid.^ 
Traces are present in the air of towns to the extent of a few thousandths 
of one per cent.,^'' but its action on finely divided salt (from sea spray) 
suspended in the air gives rise to traces of sodium sulpliate ; the latter 
is tlie probable cause of the almost immediate crystallisation of super- 
saturated solutions of sodium sulphate wdien exposed to the air. 

Sulphates occur abundantly in nature, the chief being those of 
calcium, barium, strontium, magnesium, aluminium, iron, zinc, copper, 
sodium and potassium. 

Early History. — Although the destructive distillation of partially 
dehydrated sulphate such as alum was undoubtedly practised very 
early, even perhaps in the tenth century, the first definite details of the 
process emanated from Basil Valentine towards the end of tire fifteenth 
century, who described the distillation of green vitriol with silica ; the 
name oil of vitriol is derived from this process. Basil Valentine also 
obtained an acid product by the combustion of a mixture of sulphur and 
saltpetre, the identity of this ‘‘ sulphuric acid '' with '' oil of Autriol ” being 
first proA’ed b}' A. Libavius in 1595. 

Glauber was the first to separate sulphur from the acid, by heating 
its salts with coal and acidirying the aqueous extract of the product. 
On account of this relation between sulphur and the acid, the French 
chemists de IMorveau, Lavoisier, I^ertliollet and Fourcroy proj^osed tlie 
name “ sulphuric acid,'' which has been retained. 

The first experimental investigation indicating the (piantitative 
composition oi‘ the acid was made by Gay-Lussac in 1807.” 

Formation. — Sulphuric acid is commonly produced in the oxidation 
of sulphur compounds less rich in oxygen : 

{a) Finely divided sulphur in a moist atmos])]iere imdergoes very 

1 Schultz- 8 ellack, loc. dl. ; Berthelot, Compt. rend., 1883, 96 , 208. 

- Lleischcr, Ber., 1876, 9 , 995 ; 5Iallct., idd., 1872, 5 , 817 ; Chnn. Xrvs. 1872, 26 , 147 ; 
Pollacct Gazzel/a, 1875, 5 , 237 : Lortcviii, Cornpt. rnnd., 1928, 187 , 1148. 

Schroedter, Client. Erde, 1928, 4 , 70. 

Boedeker and Troschel, Ber. Berlin Ahid., 1854, p. 48G ; dc Luca and Panccri, 
Bull. Sac. chini., 1867, [ii.], 9 , 400 ; Malv, Ber., 1880, 13 , 820. 

^ ^ 8 nlith, Broc. Boy. Soc., 1877, 26 , 512. 

® Method e de. Xo7ne.7idafure clnmique, 1787. 

• Gay-Lussac, Mem. Soc. d'Arcueil, 1807, i, 215, 
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slow oxidation, some sulphuric acid being produeed ; ^ t]ie oxidation 
can rapidly be effected by nitric acid or by aqueous solutions of chlorine 
or bromine. 

{b) Sulphur dioxide in a moist condition also readily oxidises to sul- 
phuric acid (see sulphur dioxide and trioxide), the change being aided by 
the presence of nitric oxide or by contact with finely divided platinum. 
With aqueous solutions, free oxygen can be replaced by various oxidising 
agents such as nitric acid, the halogens,- or hydrogen peroxide. 

(c) Oxidation of the salts richer in sulphur or poorer in oxygen, for 
example the pohdhionates, thiosulphates, hydrosulphites and sulphides, 
together with their corresponding acids, also produces sulphates as the 
final stable product. 

Manufacture.^ — The world's annual output of sulphuric acid is 
approximately 10 million tons, and this huge amount is supplied almost 
entirely by the lead chamber ” and '' contact " processes. The dry 
distillation of green vitriol as a technical operation has now been aban- 
doned. In Great Britain and Xorthern Ireland the output for the 
year 1928 in terms of 100 per cent, sulphuric acid and including oleum 
was 928,000 tons.^ 

The Lead Chamber Process T ^ 

Historical. — This process had its origin in the early preparation of 
sulphuric acid by the oxidation of sulphur dioxide with nitric acid, 
for which operation lead chambers were first introduced in 1746 by 
Roebuck of Birmingham. In 1793 Clement and Besormes showed that 
under proper conditions the nitric acid aids the oxidation, which is in 
the main elTected by atmospheric oxygen, and the injection of steam 
having already been introduced in 1774 by de la Follie, the basal chemi- 
cal process was much the same as to-day. Gay-Lussac’s tower was first 
suggested by that ciicrnist in 1827 and was first used in 1835, being 
introduced into Britain in 1844. J. Glover constructed his first tower 
at Newcastle in 1861. 

Until 1838 the sulphur dioxide was obtained entirely from free 
Sicilian sulphur, but on account of increasing price iron pyrites wms 
substituted, and by 1862 free sulphur was practically no longer used. 
The abundant output of American sulphur has of recent years revived 
the employment of sulphur, which now to an ever-increasing extent is 
displacing iron pyrites as the chief source of sulphur dioxide. Other 
metallic suljDhides which necessitate a preliminary roasting in their 
metallurgical treatment, for example zinc blende, also serve as subordin- 
ate sources of sulphur dioxide, but with such materials it is necessary 
that fluorine should first be removed from the gases by passing the 
latter up a tower ])aekcd with quartz.^ 

Of the total out 2 )ut of sulphuric acid in Great Britain and Xorthern 
Ireland during 1928 (see above), 49 per cent, was produced from pyrites, 

^ ^laU, Monatsh., ISSO, i, 205 ; Wagemnann, Ann. Phys. Chem., 1S;>2, [ii.], 24, 601. 

“ For the action of chlorine on moist sulphur dioxide, see Neumann and Wilczewski, 
ZtiLscli. angtiv. Cheni., 1923, 36, 377. 

- Ohtm. Trade J., 1929, 85, '565. 

For details of the commercial processes for sulphuric acid manufacture special books 
must be consulted, for example, various volumes of the series entitled Manufacture of 
Acid,-; and Alkalis, Lunge and Gumming (Gurney & Jackson, 1923) ; also GU Acidi Irior- 
ganici, Aita and Molmari (Milan, 1928). 

Frost, Chem. Zeit., 1902, 12, 25. 
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over 2-1 per cent, from “ spent oxide/' 17*56 per cent, from sulphur, and 
9*2(> ])er cent, from zinc concentrates.^ 

The Pyrites Burners. — In the lead chamber process the first 
chemical action is the oxidation of sulpiiur to sulphur dioxide by 
atmos])lieric oxygen. The iron pyrites (or free sulphur, spent oxide " 
from tlie gas works, or other sul])hides such as zinc blende, as the case 
may be) is placed on shelves or bars in a scries of ovens of suitable type. 
When iron pyrites or sulphur is used, the combustion when once started 
proceeds to completion witiiout further assistance by external heat : 

4 FeS o -f 1 1 0 2 = 2Fe .,0 3 + 8SO 

The siqiply of air, which is drawn through the burners “ by suction, 
is so adjustexUhat sufficient oxygen will be present to oxidise the sulpluir 
dioxide subsequently to sulphuric acid and also finally to leave the 
oxides of nitrogen (see the following) in approximately the composition 
represented by tlie formula N0O3. 

The Glover Tower. — From the i^uites burners the gases pass 
through a flue for the collection of dust and then at a temperature 
of approximately 350'' C. enter the bottom of the Glover tower. This 
lead tower, about thirty feet high and lined with stoneware, is packed 
with some resistant material such as flints, or more frequently in modern 
practice with a specially prepared filling, for example small hollow 
stoneware cylinders. By means of a distributing device, dilute sul- 
phuric acid (about 65 per cent.) from the chambers ('' chamber acid ") 
and concentrated sulphuric acid containing dissolved oxides of nitrogen 
from the Gay-Lussac tower (see the following) are introduced at the 
top of the Glover tow'er and trickle down over the filling material, thus 
exposing a large surface to the ascending current of hot gases ; the 
Gay-Lussac towxr acid thereby gives up its oxides of nitrogen, whilst 
the dilute acid becomes concentrated ; the acid which issues from the 
bottom of the Glover tow'er has a temperature of 120^ to 130^ C. and 
contains roughly SO per cent, of pure acid. 

Another purpose served by the Glover tow'er is that it relieves the 
lead chambers of the production of part of the acid, and it may account 
for as much as 16 per cent, or more of the total yield of acid, due to the 
conversion of sulphur dioxide into sulphuric acid inside the tower ; 
indeed, a tow^er of similar type is sometimes interposed betw^een bw-o of 
the chambers with a view' to the same result.- 

The capacity of the Glover tow'cr is usually 2f to 3 per cent, that of 
the chambers, and in order to obviate the need for inconveniently large 
towers, tw'o arc sometimes employed in series. 

M ith a view' to remedying any shortage in tlie supply of oxides of 
nitrogen from tlie Gay-Lussac tow'er, due to unavoidable loss, a little 
nitric acid is introduced into the gaseous mixture, usually dowui the 
Glover tow'cr but sometimes, although less frequently, by placing pots 
containing nitre and sulphuric acid in the flue betvecen tlic jivrites 
burners and the Glover tow'er. In some cases the oxides of nitrogen 
are supplied by the catalytic oxidation of ammonia, the platinum 
catalyst being electrically heated.’*^ 

^ Chern. Trade J 1929, 85, 565. 

^ GiLhnst, J. Soc. Chem. Tad., 1899, 18, 459 ; J. Araer. Chem. Soc., 1893, 15, 624 ; 16, 
43s ; Kestner, J. &oc. Chem. hid., 1903, 22, 333 ; Hart and Bailey, ibid., 1903, 22, 473; 
Porter, ibid., 19o3, 22, 476. 3 Adam, Chem. Trade J., 1918, 62, 181. 
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The Lead Chambers. ^ — On leaving the Glover tower ilie gaseous 
mixture oi sulphur dioxide, oxygen, nitrogen oxides and atmospherie 
nitrogen, now cooled to 90° C., passes into the lead chambers. Tliese 
are constructed of sheet lead ^ about 3 mm. thick ; the walls and roof 
are sealed together by a blowpipe flame, the edges of the base being 
turned up so as to form a flat dish in which the acid collects and forms 
a gas-tiglit seal between the base and the sides. The wliole chamber is 
supported in a wooden framework on pillars so that each part is accessible,- 
the exposure to tlie atmosphere also aiding cooling. Chambers fre- 
quently exceed 40,000 cubic feet in indivddual capacity and a series of 
three or four is commonly used, the gases being conducted from one to 
the other as well as to and from the chamber system by lead pipes. 

Much depends on the proper construction of the chambers ; they 
may be rectangular or circular, the latter possessing the advantage of 
allowing more complete mixing with the steam, the gases being intro- 
duced at the side tangentially and then moving spirally until the central 
exit is reached. It is mainly on account of the success attained by the 
use of the more modern forms of chambers that the chamber process is 
still able to remain in vigorous existence. 

Steam, or w’ater in the form of very fine spray, is injected into the 
chambers, sulphuric acid being formed and falling as a drizzle to the 
floor, whilst the oxides of nitrogen, having exercised their influence on 
the reaction between sulphur dioxide, oxygen and water (see the follow- 
ing), pass away witli the atmospheric nitrogen. Dilute sulphuric or 
nitric acid or a solution ot nitrous oxides in sulphuric acid (density 1-59) 
may be sprayed into tlie chamber ^ instead of water or steam ; there are 
advantages, however, in using cold water, since besides effecting an 
economy in nitre or nitric acid, the lo\v er working temperature is suitable 
for a satisfactory reaction. It is unnecessary to go to the expense of 
raising steam in order to condense it again in the chambers. 

Great care is required in regulating the proeess in the chambers ; the 
gases need to be wmll mixed ; they must not be allowed to attain too 
high a temperature during the reaction, and they must not emerge too 
soon from the chambers. The supply of water or steam has also to be 
adjusted carefully, too much causing an unnecessarily dilute acid and 
also tending to induce an excessive reduction of the oxides of nitrogen 
to nitrous oxide or even to nitrogen, wiiereas too little will give rise to an 
acid so concentrated that the lead is seriously attacked and the life of 
tlie chambers, which should be from 10 to 20 years, considerably short- 
ened. The concentration of the oxides of nitrogen preseiR is also an 
important factor influencing the yield of sulphuric acid obtained. 

Lead-covered towers ('‘ pla.te towxrs '■) fitted internally with per- 
forated stoneware plates are sometimes interposed between the chambers, 
or the latter may in part be replaced by a scries of smaller absorption 
boxes divided longitudinally into three narrow compartments by means 
of perforated walls, the gases entering the middle compartment and 
leaving from the side compartments. Such arrangements not only aid 

^ On the use of lead as a constructional material, see Tungav, Cheiriical Age, 192S, 19 , 
27. 

“ Tor an account of a repair during operation, see Kendrick and Souder, Ind. Eng. 
Chern.., 1927, 19 , 954. 

^ Fischler, Zeitsch. angeiv. Chern., 1926, 39 , 55 ; Moritz, 'French Palant, 593627 (1925) ; 
British 'Patent, 285847 (1927). See also Spangler, Ind. Eng. Chern., 1929, 21 , 417, 

^ Barth, German Patent, 446398 (1923). 
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the blending of the gases, but also allow more than an equivaient 
reduction in tlic ciipacity ol the chambeis. 

The Gay-Lussac Tower.— On leaving the chambers the gases 
contain only traces of sulphur dioxide, and arc red in colotir on account 
of the pres'enec of the oxides of nitrogen. The latter are remo^-ed 
bv leading the mixture to a circular tower, or sometimes two towers, 
the height of which may be 26 to 65 feet and the capacity about 4 per- 
cent. that of the chambers. For convenience in the arrangement of 
the works the Gay-Lussac towers are usually built near the Glover 
tower. 

Down the towers and over the lilling of hard coke or otlier material 
there trickles sulphuric acid of SO per cent, concentration, for example, 



Passage of Gases. Passage of Sulphuric Ac/d 


Pntry or Water. — — Passage or ’'Chamber Acid'" 

Fio. 9. — Diagram illustrating the Lead Chamber Process.” 

A, B, C, I), E, r, I’yrilcs Burners : G, Glover j'ower ; G.I-.-., Gay-Liissric Towi.t : 

L, Lead Cliauibers. 

acid from the Glover tower, which absorbs the mixture of Jiitrogen 
dioxide and nitric oxide from the ascending gases ; the solution tlius 
obtained is then ])umped to tlie top of the Glover tower, in which the 
oxides of nitrogen are again ta.ke]i up by the gaseous currcait and once 
more find their way to the dmmbcrs. With perfect working, tlie gas 
issuing from tlie Gay-Lussac tower will consist of almost jiure nitrogen, 
and is led away into the i’actory chimney. A water scrubber is some- 
times jilaced between the two Gay-Lussac towers ; “ the water converts 

_ 1 See further, Luty, Zi.il ^ch . angeic. Chan., 1905, i8, 1253 : Kabe, ilid., 1735 ; Schlicbs, 
ibid., 1900; Euppner, ihid., 2001: yiedenfiilir, ibid., 1906, 19, 61: Harimaun and 
Benker, ibid., 132, 1125 ; Coleman, J. Soc. Chenii Ind., 1905, 24, 4S2 ; Porrer, Ball. Soc. 
chini. Belg., 1922, 31, 254 : Briner and Bo.ssignol, Htlv. Chirn. Acta, 1923, 6, 647 : Harvev, 
Chem. 2Ict. Eng., 1929, 36, 402. See also Britisk BatenB, 247644 (1924) : 206047 (1025) ; 
262397 (1926) ; German Patent, 416S59 (1924) ; Austrian Patent, 106S47 (1926). For a 
description of a small scale plant for the intensive production of sulphuric acid, see Perlev, 
Ind. Bng. Cliern., 1929, 21, 202. tor the use of the Schmiedel Box, sec Bush and 
Grounds, drans. Inst. Chan. Eng., 1927, 5, 34. For a description of the iMills-Packard^ 
Chamber Plant, see iMills, ibid., p. 42. 

- Skoglund, V.S. Patent, 1559292 (1925). 
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nitroocn dioxide into nitric acid (in solution) and nitric oxide, and the 
latter alter reoxidation is absorbed in the last tower. 

There is, however, some loss of the valuable nitrous gases, necessi- 
tating the introduction of small quantities of nitric acid at or before the 
Glover tower or into the chamber itself (sec before) : the loss is prob- 
ably due mainly to the reduction of the oxides to nitrous oxide and 
even nitrogen, which arc not absorbed in the Gay-Lussac tower. ^ 

The natural draught of the factory ehinmey was at one time found 
suflieient for the movement of the gases through the plant, but to-day 
suitable fans are commonly installed to aid the circulation. 

Theory of the Action in the Gay-Lussac and Glover Towers. — 
The gases issuing from the chambers consist mainly of nitrogen dioxide, 
nitric oxide and atmospheric nitrogen. The two former are dissolved 
by the sulphuric acid in the Gay-Lussac tower with formation of a 
solution of nitrosylsulphuric acid in excess of sulphuric acid (see also 
below) : 

X 0 -!-X 02 -h 2 H 2 S 0 i — 2 X 0 .,.S 0 .,. 0 II-fIi 20 . 

Occasionally the resulting acid solution is violet in colour, due to the 
presence of the unstable sulphonitronic acid (p. 251), and it then readily 
decomposes with effervescence of nitric oxide. 

As the formation of nitrosylsulphuric acid is a reversible process, 
dilution of the sulphuric acid solution in the Glover tower tends to cause 
hydrolysis, which is aided by the high temperature ; the oxides of 
nitrogen resulting from the decomposition pass on wdth the sulj^hur 
dioxide and excess of air to the chambers, W'liilst the sulphuric acid 
descends and issues at tlie bottom of the tower. 

In addition to tlie foregoing process, how^ever, the Glover tow'er 
actually produces sulphuric acid. This is brought about by interaction 
of the sulphur dioxide in the burner gases with nitrosylsulpimric acid, 
as folio w'S : 

2XOo.S02.0n-:-SOo-2H, 0-31-1,80,4-2X0. 

Theory of the Action in the Lead Chambers.— The actual 
mechanism of the chemical process in the lead elmmbcrs has for 3 -ears 
been a matter of much conjecture and eontrovers}". Tlie formation 
of unstable intermediate compounds wdiich siibsequenth- undergo 
decomposition with production of sulphuric acid is almost universally 
accepted, but unfortmiatch- there is no general agreement as to the 
identit}' of tlic intermediate compound or compounds. 

G. Lunge fa\'ourcd a view', first put toinvard by H. Dav\- in 1812, that 
sul])hnr dioxide, w'ater, oxygen and nitrogen trioxide (or a mixture of 
nitric oxide and nitrogen dioxide) interact with formation of nitros 3 d- 
sulphuric acid (p. 247), Avhich subsequent!}^ undergoes decomposition 
by W'ater producing sulphuric acid and reproducing '' nitrogen trioxide ; 
the latter is then able once more to give rise to nitrosylsulpimric acid.- 

^ Inglis, J. Soc. Chem. hid., 1907, 26, 668 ; 1906, 25, 149 : Carpenfer and Linder, J . 
Soc. Chem. Jnd., 1902, 21, 1490 ; Hempel and Heymann, ZeiUch. Elthlruchcin., 1906, 12, 
600 ; Graire, Covipt. rend.. 1925, 180, 292. See further, Petersen. Patent. 249914 

(1924) ; Krafft, U.S. Patent, 1611534 (1926). 

“ Lunge, Trans. Chem. Sac., 1SS5, 47, 465 ; CJiern. yews, 18SS, 57, 69 ; Per., ISSo, 18, 
1384 ; 1888, 21, 67, 3223 ; Zeitsch. anorg. Chem., 1894, 7, 212 ; Udnlder, Zeitsch. Gliern., 
1869, p. 715 ; Schcrtel, Trans. Chern. Soc., 1860, 12, SO; Per., 1SS9, 2, 542 ; Sorel, Zeitsch. 
ungeiv. Chern., 1889, p. 2647 ; Xeumann, ibid., 1906, 19, 1702. 
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The cycle of changes proceeds until ail the sul]ihur dioxide and oxygen 
arc consumed : 

oso,--\o^'-xo.,+o.,+iroO=2XO„.so.>.oir. 

' ' ■2XO,.so;.oh+h;o=2Ii,sOj-:-xo+xo,. 

In the first chamber, and also in the Glo\-er tower, the gases are 
usually colourless, and it is possible that the excess of suljdnur dioxide 
here causes a reduction to nitric oxide : 

2XO,.so,,.oi-i+so,+2i-r.,o=;3ii.,sOj+2XO. 


More receiitlv this theory has been modilicd loy tlie introduction of 
airother intermediate product, namely the violet or blue sulplionitronic 
acid (see p. 251) which is supposed to i)rccede tiic formation of the 
nitrosylsulphuric acid. The series of changes is then represented as 

follows : , , , . . , 

0 -r itros ylsulphuric acid 

/Oo 

I-KOot-HqO -> Sulphonitronic 0 


xHoO 


— >.HcSO,d-XO-f-XC 


^ BLO-rXO-r^'itrosylsulphuric 


the sulphonitronic acid undergoino’ conversion ])y oxygen or water into 
nitrosylsulphuric acid, which is then decom]:)osed by water giving sul- 
phuric acid.^ This theory loses somewhat in attractiveness, liowcver, 
on account of the uncertainty of the composition of tlie sulphojutronic 
acid. 

Free nitrosylsulphuric acid actual!}- occurs in tlie lead chambers only 
under abnormal conditions of working; its separatio]i as ‘'chamber 
crystals is most undesirable from the manufacturer’s point of view, 
as^^not only does it indicate improper regulation of the process, but it 
also causes the lead walls of the chambers to be attacked unduly. A 
solution of “ violet acid ’* is sometimes obtained at the bottom of the 
Gay-Lussac tower. 

^\n alternative explanation proposed by F. Ilasclvig, wlio also regarded 
nitrogen trioxide or nitrous acid as the lorm in wliich the nitrogen 
oxides are active, is based on the primary formation of a tn''j)othctical 
nitrososulphonic acid, as represented by the equations : 

2N0 + O -t H .0 - 2 1-r xo 
HXO , - so o = XO. so;. OH. 


The nitrososulphonic acid then reacts with a second molecule of nitrous 
acid, producing the piirjde sulphonitronic acid. As stated earlier, tlie 
composition of this acid is uncertain, but assuming the Jormula IL>SX 05 , 
the equation for the reaction is 

XO. SO o.OII AHXO o - KoSXO, -:-X0. 
whilst the final reaction yielding sulphuric acid is 
HoSX 05 =:I-I,S 0 .i-X 0.2 


^ Lunge and Bcri, ZeUscJi. ungew. Chera., 1906, 19, 807, 8S7, S8i ; 1907, 20, 1713; 
1910, 23, 2241 ; Reynolds and Taylor, J. Soc. Chew.. Ind., 1912, 31, 367. Sec also VVcntzki’ 
Zeiisch. angew. Chem., 1911, 24, 392, 1468. 

- Raschig, Annahn, 1SS7, 241, 161 ; 1888, 248, 123 ; Zeiisch. angev:. Chern., 1904, 17 
139S, 1777 ; 1905, 18, 1281 ; 1907, 20, 694 ; J. Soc. Chtm. Ind., 191l' 30, 166. 
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An advantage possessed by this series of changes is that it explains 
more satisfactorily than the preceding theory why mncli sulphuric acid 
can be formed in the Glover tower. In the lead cliamhers the acid 
formed is so weak tliat the nitrososulphonic acid stage is possibly absent 
from the series. 

Tlie preceding views have been subjected to much criticism^ both 
mutual and independent. Manchot - regards the '' blue acid as an 
oxide of composition between XO..5 and XO. The formula lIoSXOs 
suggested by Raschig is improbable,, as the absor])tion S|)ectrum is not 
in any way similar to that of the com})ound CuSO^.XO or FeSOj.XO. 
A modification’^ of Raschigh theory, whilst avoiding the two foregoing 
hypothetical acids, ])ostu]ates the transient formation of yet another 
unknown acid. X'itrous acid and sulphur dioxide arc supposed to 

/Ox 


condense to a '' nitroxysulphuric acid/’ 


OH.X^ 


0 


>X.S02.0II, which 


immediately decomposes into sulpliuric acid and nitric oxide ; the latter 
by uniting with more oxygen and water yields nitrous acid, which re- 
enters the cycle of changes : 


/Ox 


so,-f‘inxOo-OH.x< 




>X.SO.,.OH, 


oii.xh hx.so.,.ori=-2XO j-ii,so,, 
•2X0 --0 -ICO =-2i-rxo.j. 


At the present time there is a tendency to a reversion to a simpler 
conception of the changes involved in the |)roduction of sulphuric acid. 
Already in 18-i-l Pcligot had suggested that the oxides of nitrogen act 
simply as oxygen carriers/’ thus : 

2XO-/-Oo = 2XOo, 

2X0 . -f SO .> ~ 211 ,0“ = 2H SO 4 -f 2X0 , 

2X0-4-02-2X60, 

etc. 


It appears quite likely that the more complicated explanations referred to 
may be due to some confusio]i of less simple side reactions with a simple 
main reaction.^ Keen at temperatures below 00° C., nitrogen dioxide 
is able to oxidise sulpliur dioxide to sulphur trioxide, whilst nitric oxide 
readily combines with the latter to give the compound 2S03.X’0, which 
is readily decomposed by water giving sulphuric acid and nitric oxide. 

^ Littmanir Ztilsch. (itvjc'iu. Chtm., 1906, 19, .1177 : Feigensolin, Cheni. Zell., 1906, 30, 
851 ; 5ianciiot, Ze.ifscJi. cuigaic. Cktni., 1912, 25, 1055 ; Wentzki, i/jid., 1911, 24, 392 ; 
1914, 27, 312 ; Trautz, ibid., 1904, 17, 1552 ; Hcmpel, ibid., 1914, 27, 21S, 407. 

- xlanchot, .Konig and Reimlinger, Bar., 1926, 59, [BJ, 2672. 

^ Divers, J. Soc. Cheni. Ind., 1911, 30, 594 ; also 1904, 23, 1178. An investigation by 
Bailey (62iid Ann. Rept. on Alkali, etc. Works, 1926, 12) on the interaction of the oxides of 
nitrogen with sulphurous acid m the presence of varying concentrations of siiipiiuric acid 
supports this view. 

Peligot, Ann. CJiim. Phys., 1844, [iii.J, 12, 263 ; Lunge and Xacf, Ckem. News, 1884, 
49, 13 ; Xacf, Ber., 1885, 18, 603 ; Briner and Kuline, Conipt. rend., 1913, 157, 450 ; 
Annual Beports Cheni. Soc., 1912, 9, 45 ; Manchot, Xbing and B.eimlinger, loo. cit. See 
also Coleman, J, Soc. Chem. Ind., 1906, 25, 1201. 
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Until stronger and i:eorc c*on\'incing‘ evidence is iortliconiino' as to the 
Ibrmation of the major ])ortion of the sulphuric acid from unstable 
nitrogen-suiphiir oxyaeids in tlie cliambers, the only really satisfactory 
course lor general ]mrposes is to adhere to tlic simjde view formulated 
in the immediatclv ])receding series ol equations. E/\’'en il these should 
])rove not to sho\v accurately the actual intermediate stages, they do at 
least represent truly not only the first and last stages of the process 
with res}xx*t to sulphur dioxide and oxides of nitrogen, but also the 
general nature of the change by which the sulphuric acid is ])roduced. 

Subsequent Treatment of the Acid. — The acid from the Glover 
tower generally contains flue dust (largely ferric oxide), on which account 
it is used uj) in the acid factory itself, part being returned to the Gay- 
Lussac tower and part being used for the preparation of sodium sul- 
phate. For this reason it is not essential that pure nitric acid should be 
introduced at tlie Glover tower, and frequently an aqueous solution of 
the cheaper sodium nitrate is used in its place. 

The remaining “ chamber aeidd’ containing 68 to 70 per cent, of 
H0SO4, is concentrated in a series of lead pans (heahed on the ‘‘ counter- 
current principle), when water vapour i^asses off. When a concentra- 
tion of 77 to 80 per cent, has been attained it is inadvisable to proceed 
further with the lead pans as the metal begins to reduce the acid. Until 
the beginning of the present century the subsequent concentration was 
carried out in porcelain, glass or platinum (gold-lined) retorts, or in a 
Kessler apparatus. Glass retorts have fallen into disfavour on account 
of their easy fracture on contact with the hot fire gases, whilst platinum 
is very expensive. The Kessler method, which is very successful in 
plants of moderate output, consists in passing hot gases from a coke 
producer over the acid contained in a shallow Hat dish made of volvic 
stone, and then through a series of superimposed trays luted with acid ; 
the weak acid passes downwards through the trays, meets tlie hot gases, 
and arrives at the bottom tray in a highly concentrated cojulition. 

In 1906, Gaillard introduced a system of acid concentration,^ now 
extensively used, which has proved efficient and can be adapted (by 
multiplication of units) to any scale of acid production. 

The weak acid (70 per cent.) is atomised in a fine mist down a 
tower built of obsidianite or acid-proof bricks (see fig. 10), up which 
hot gases from the combustion of producer gas are ascending. These 
gases enter at a temperature of 750“ to 800^ C., and after passing through 
the tower, which acts as a flue, pass on to a smaller tower of similar 
design (a recuperator), down whicli atomised acid undergoes a pre- 
liminary concentration before being fed to the main tower. The gases 
leave the recuperator at about I'iO*" C. and pass to a scrubber, generally 
a lead-lined rectangular chamber or tower, the bottom of w^iicli is 
paved with acid-proof bricks. The scrubber is packed with coke, the 
resistance of which to the passage of the gas causes condensation of 
the acid carried over and removes any foreign matter, wiiich forms a 
slime on the surface of the coke. The condensed acid is conA’eyed to 
the feed tank of the main tower : the gases pass to the exit })ipe, the 
draught through the system being produced by high pressure fans. 

The volume of acid passed down the recuperator is approximately 

^ See Parkes and Coleman, J. Soc. Chem. hid., 1921, 40 , 257 T ; Parkes, 77ie Con- 
ceiitration of Sulphuric Acid, IManufacture of Acids and Alkalis Scries, Lunee and Cummin<‘'' 
(Gurney & Jackson, 1924). 
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half that fed to the main tower. The acid flows out of the recuperator 
at about 150^ to 160'" C., runs through a water-cooled trough to a lead 
cooler, where the temperature is reduced to 50'' C., and then flows to 
the feed tanks of the main tower. 

Instead of the foregoing tji^e of recuperator, a packed tower working 
on the Glover ]3rinciple is sometimes used. 

The acid leaving the main tower runs through a mud-catcher to a 
cooler and thence to the storage tanks. The concentration normally 
attained is 94 to 95 per cent. 

A method due to Strzoda ^ consists in passing the acid, after con- 
centration in open lead ]:>ans, downwards through a series of vertical 
pipes heated externally by producer gas. The vapours evolved are 
passed through a cooling tower packed with suitable material, and the 
dilute acid recovered is passed back to the concentrating pipes. 



A J’uniaci'. ]■] 'J'iiiik. IL reociviii" acul 

B Mait! Towrr iro:u T.;aik^ aia.i 

C Hccupfrai-or JOxi:, iip'.-. passing it to 

i) Scrnbbpr. aionnsors. 

The limit of concentration attainable by any of the foregoing methods 
is al:)out 9S ]Der cent. If acid of higher concentration than this is required, 
acid of 97 to 98 ])er cent, strength caii be partially frozen,^ when the 
colourless prisms which separate contain 99*5 to 100 per cent. H 2 SO 4 
and eojistitutc the frequently so-called, but misnamed, monohydratc.'' 

Owing to the success of the ” contact process '' for the preparation 
of sulphur trioxide and of fuming suljdiuric acid, the production of 
liighly concentrated sulphuric acid has been rendered so sim])le a matter 
that concentration of the lead chamber acid is of diminished importance. 
The main value of the chamber process lies in its economical production 
of a not necessarily very concentrated acid. Tliere are indications, 
however, that by a suitable (mnbination of* tlie two jwocesses, an even 
more economical production of concentrated acid may be obtainable 
(see p. 162). 

^ Strzoda, Chem. Zdt., 11327, 51 , 525. 


“ Horanco, Corri'pL rend., 11309, 148 , 842. 
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Impurities and their Removal. — At one time sulphuric acid for 
special purposes was purified from non-volatile foreign substances by 
distillation, but the process was so expensive, particularly as regards 
breakao-c of the retorts if of glass or ])orcelain, or their depreciation if 
of platrnum, tliat distillation of the acid has now been abandoned as a 
technical ])roccss. 

Arsanc. arising from the linncs of arsenious oxide produced in the 
combustion of impure pyrites, is the commonest impurity in the chamber 
acid.^ As the presence of this element is es])ccially dangerous in acid 
destined for use in the joreparation of foodstuffs, as for example glucose, 
the acid is purihed usually by dilution and treatment with hydrogen 
sulphide - or a inetallic suljdiide, for instance barium sulphide,-^ or v/ith 
a t.luosu]])hatc, for example barium tliiosulphate : ^ the arsenic is 
preci] 3 itated as sulphide and removed before tlie final concentration. 
An alternative but less frequently adopted procedure is to remove the 
arsciiic as the volatile arsenious chloride by adding hydrochloric acid 
or a chloride and heating gently.^ In the concentration of sulphuric 
acid by freezing (see p. 157), practically the whole of any arsenic pre- 
sent remains in the liquid. 

A recently adopted method ^ for minimising the amount of arsenic 
in the acid is to pass the gases through a closed vessel placed between 
the Glover tower and the cliambers and containing an oxidising agent 
such as nitric acid, wohich will retaij'i the arsenic. 

Nitrogen Oxides form another common im])urity in crude sulphuric 
acid ; their presence may be detected by tlie formation of a deep blue 
coloration on the addition ol‘ a little diplienylaniine, or b\^ tlie produc- 
tion of an azo-dyc coloration on treating tlie diluted acid Avith suitable 
reagents sucli as 7/n])henylenediaininc or a mixture of sulphanilic acid 
and a-naphthylamine. In the ])resence of dissohmd nitrogen oxides 
a brown ring '' test can also be made by carefully adding 1‘errous 
sulphate solution. Oxides of nitrogen wliicli. if the acirl is not too weak, 
are present in the form of nitrosylsuiphurie acid, can be removed bv 
the introduction of the requisite (piantity of ammonium sulphatcU 
as first recommended by Pelouze : ^ during tlie subsc([uent concentra- 
tion the nitrogen is rapidly eliminated in the free state by a reaction 
analogous to the decomposition of ammonium nitrite : 

xOo.sOo.oii-Nir,.Hso,-x.-2ir,sOj -i-ii.o. 

In the laboratory sulphuric acid can be freed IVoni nitric acid by 
agitation rrith mercury in a Lunge nitrometer.’’ 

Lead Sidplailc, v'hicli is s()lul)lc to a considerable ('xtent in con- 
centrated sulphuric acid, can be removed almost eonijdetcly by dilution, 
w'hen it is slowly precipitcitcd. 

^ For a method for the rapid estimation of arsenic in sul]ihurjc acid, see hcrcerin, Ann. 
dTom aw.c/., 19J7, 22, 24, 

- See Cory, Chcni. Trade J., 1918, 62, 89. ^ Eucln'r, Her.. 1890, 23, 32. 

Thorn, 'jJhigl. poll/. J., ]S75, 217, 4!i5 ; Wayncr, ih/d., 1875, 218, 521. 

^ Buchner, Annaloi^ 18,15, 94, 241 ; 18(3.5, 130, 249; Sdini, (Tizzdfa, 1880, 10, 40. Sec 
also Scheringa [Phn/mi. W cekhlud, 1920, 57, 421), wiio reoommond.s lieauiny with siilphiic, 
followed by dilution and elcctroI\’si.<. 

Auslrirui Patent, 10()847 (1926). 

' Lunge and Abeniiis, ZAlsck. nngcir. Chon., 1894, p. 608. 

® Beiouzc, Ann. Chirn. Phy-^., 1835, 2, 60, 142. 

■' Steenbergen, Cheni. Wetkblad, 1917, 14, 647. 
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The preceding impurities, as also others such as antimony and 
selenium, can all be eliminated by dilution and treatment with hydrogen 
sulphide, followed by a sliort heating of the resulting clear acid with a 
sufficient quantity of ammonium sulphate ; in special cases this treat- 
ment might be followed by distillation or by recrystallisation of the 
“hydrate"' TfoSO,. (see p. 157).^ The presence of selenium in sul- 
phuric acid may ]:;c detected by the addition of aspidospermine, when 
an intense violet coloration develops,- no colour being given by the 
pure acid. At the present day, however, acid of an extremely high 
degree of purit}- is not expected from the lead chamber process. 


The “ Contact Process T ^ 

Although the commercial manufacture of sulphur trioxide and 
sulphuric acid by the catalytic process has attained success only in 
comparatively recent years, a patent was acquired in 1831 byP. Phillips 
of Bristol for tlie production of sulpliuric acid in this way, the suggested 
catalyst being platinum. The commencement of the twentieth century 
saw the main difliculties overcome and the installation of an economical 
and commercial process in Germany. Since then the number of plants 
has increased largely and various modifications have been introduced 
in many countries. 

The most active catalyst is platinum applied in finely divided form, 
for example platinised asbestos. Certain elements, especially arsenic 
and mercury, have a powerful effect in reducing the activity of the 
platinum, a quantity of arsenic ec[ual to 0-2 per cent, of the weight of 
the ])latinum reducing tlie activity by 50 per cent.’' These “ poisons,"’ 
as they arc termed, also include less harmful substances such as 
antimony, lead, bismuth, etc. Tlie presence of small quantities of 
rhodium, iridium or osmium in the platinum also causes diminished 
yields of trioxide, but tlic presence of ])alladium or ruthenium has the 
op])csite effect.'’ 

Sulphur or iron ])yrites again serves as the source of sulphur dioxide, 
the I'cnner being jirefcrable as many of the undesirable impurities are 
])rescnt in pyrites. Wh,cn usii'ig pyrites, investigation has shown that 
most of the arson ions oxide is to \)e found in the fumes of the sul])hur 
trioxidc which is formed ; steam or fine water spray is therefore injected, 
when the fumes i‘orni a juist of dilute sulpliuric acid which encloses the 
arsenious oxide togetlier ^^dth other dust, and can be condensed by 
passing the gas tlirough a scries of lead pipes." Subsequently the gases 
are dried by jiassing up a scries of towers down which concentrated 
sulphuric acid is made to trickle. Tests are then made to ensure the 

^ Moddermann, Ztiheh. anal. CJicrn., 18S2, 2i, 218 ; Hayes, Dhajl. 2 ^oIy. J., 1S48, no, 
10 - 1 . 

- Palot, A iiaJ . Sac. Quhn. Argenliiia, 1917, 5, 121. 

For an historical account, to^ctlicr willi an examination of the ph\’sical properties of 
'■ mixtures " of sulphur trioxide and water in varying proportions, sec Knietsch, Ber., 1901, 
34, 40()9. See also Heyer, J. A^oc. Cheni. Ind., 1903, 22, 348 : Stone, ibid., 350 ; Reese, 
ibuL, 351 : Rudnikov, Chon. Zeif., 1927, 51, 209, 230. 

Phillips, Bnfish Jdittid, C096 (1831). See also iVlagnus, Annaltn, 1832, [in], 24, 610. 

Maxted and Dunsby, J . Chcvi. 80 c., 1928, p. 1600. 

Ixwi and Raldini, Gtorn. Ckiin. hid. Ajjjd., 1927, 9, 223. For the effect of X-rays 
on the platinum catalyst, see Clark, HcGrath and Johnson, Froc. Nat. Acad. 8 ci., 1925, 
II, 646. 

' For an electrical type of purifier, see Frtiicli FaitrU, 624913 (1926). 
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absence of impurities from the gases and the presence of a sufficient 
excess of oxygen. ^ 

The reaction 

2S02+0.,=2S03 

is accompanied by a considerable evolution of heat, but, as has already 
been stated, the^ formation of trioxide is incomplete above 45ffi C. 

(p. 136)A For this reason the contact 
“ chambers (see fig. 11), containing a 
group of vertical tubes in which are 
placed small horizontal sieves to support 
the platinised asbestos and prevent it 
becoming unduly compressed, are main- 
tained near 400" C. In order to prevent 
the chambers being overheated by the 
liberation of heat in the chemical change, 
the cool entering gases are first circulated 
round the outside of the contact tubes ; 
by this device not only is the temperature 
inside the tubes maintained constant, but 
the gaseous mixture is also preheated to 
a suitable degree before meeting the con- 
tact material. Instead of asbestos, an- 
^ I hydrous magnesium sulphate or other 

material may be used as a platinum car- 
rier ; in such cases, in order to ensure the 
availability of the platinum, the carrier 
should first be saturated with alcohol, 
dipped into an alcoholic solution of the 
platinum compound, quickly dried and 
ignited. Useless deposition inside the carrier is thus prevented.^ 

After the gaseous mixture has traversed one or more chambers, 
the sulphur trioxide is absorbed by sulphuric acid usually' maintained 
at 97 to 99 per cent, concentration ^ by regulated dilution with Aveaker 
acid or water. Acid of this concentration possesses the double advantage 
of being usable in iron pots and of absorbing the anhydride better than 
water, wliich causes fumes of sulphuric acid, and better than stronger 
acid, which leaves some sulphur trioxide unabsorbed. If fuming acid 
is required, the absorbent is generally maintained at a content of 27 to 
40 per cent, of free anhydride, acid of this strengtli also leaving iron 
un attacked. 

Should the platinum become poisoned,” that is, rendered inactiA'e 
by contamination Avith impurities Avhieh liaA'c csca])ed the initial puri- 
fication process, it can generally be rcAUAdhcd by heating in a current of 
a reducing gas such as hydrogen. Safety precautions lor the operators 
are desirable during the process.^ 



Fig. 11. — Contact Chamber. 


^ For tlic treatment of zinc blende roaster erases for use in the Contact Ih-ocess, see 
Robson, Trans. Canad. J Min. and Mtt., 1027, 30 , ObO ; and for the use ot iiases pro- 
duced m the bessemerising of nickel-copper matte, see Do Blois, ibid., p. 020. 

“ For the influence of the reaction rate in the Contact Process, see Lewis and Pu's, I nd . 
Eng. Chew., 1927, 19 , S30. 

^ von Arrncr, German- Iddr-nt, 4401438 (1926). 

^ Knietsch, loc. cif. : Sackur, Zeilnch. EUddrocJiern ., 1002 , 8 , 77. 

^ Kershaw, Lid. Eng. Chem., 1020, 21 , 762. 
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riltlioiigli platinum is the most effective catalyst for this reaction, 
other catalysts are knov'nU including many oxides and sulphates. 
Ferric oxide ^ in tlie form of pyrites ash has pro^'ed capable of technical 
ap])lication, but on accourit of its lower actixdty, a somcwdiat higher 
temperature, usually near 550 C.. is necessary. At this temperature 
the formiation ol* trioxide is not complete, and therefore, after the 
remoA'al of the trioxide from tlie iron oxide contact chamber, the issu- 
ing gases are ])asscd tliroiigh a ])Iatinum contact chamber at a lower 
tem])erature, wh.cre tlie reaction is completed. Such an arrangement 
possesses an adA'antage arising from the fact that the cataUdic action 
of ferric oxide is not adversely influenced, but eA*en improved, by the 
presence of arsenic : the crude combustion gases therefore no longer 
need careful puriheation, this being effected by the iron oxide itself. 

Other forms of apparatus have been constructed or proposed to 
employ ierric oxide as the sole catalyst. In one scheme, use is made 
of the ]:;ower of ferric oxide containing ferrous compounds to absorb 
sulphur dioxide. The ferric oxide impregnated witli ferrous sulphate 
gradually descends an inclined rotating Hue up which passes the usual 
mixture of sulpliur dioxide and air. By the heat of the gaseous mixture 
the descending solid is maintained near 350^ C. at the upper end of the 
flue, and at the temperature of its optimum catalytic effect, namely 
550" C,, at the loAver end. Sulphur trioxide is produced by incomplete 
combination of sulphur dioxide and oxygen in the lower portion of the 
flue, wdiilst the uncombined sulphur dioxide, being largely absorbed by 
the cooler mass higher in the flue, is returned to the hotter region, 
Avhere it becomes expelled and is thus given another opportunity of 
conversion into trioxide. As no precautions are taken to exclude 
moisture, the vapours issuing from tlie top of tlie Hue can be condensed 
directly to fuming sulphuric acid. 

It is probable that the mode of action of })latinum and possibly also 
that of tlie metallic oxides as catalysts is by surface adsorption of the 
sul])hur dioxide, tliis gas 'oeing tiius ])roug]it into a condition more 
faA'ourable to reaction. * .Vs regards the action of the metallic oxides, 
liowc\'er, the \'iew tiuit it depends on aitornate oxidation and reduction 
has rc(!en:ly been developed. Tnus it is assumed that in the case of 
iron oxide the roilowing reactions occur : 

(i) :3FcoO.>^SO.>-:2Fc,OiASO.>, 

(ii) 2Fc,0,-dSO,~20o--2FeS04A-2Fe,03A2S03, 

( iii ) 2 FeSO ^ Fe oO ^ -p ^0^ A SO o. 

(iv) SO 2(11 ascent)-;- — SO;>. 

The fact tliat ferrous sulpluite above 005" C. decomposes to yield the 
products given in (iii), aUid that small quantities of ferrous sulphate are 

^ Lunge and i\ein]uii-di, ZciUcli. Cfu.m... 1004, 17 , 1041 ; Kusior, Zeifsch. anorg. 

Clicrn., .1004, 42 , luS ; Kejjpcdcr, Ziiisrh. C/iliii.., 1002, 15 , 809. Diaspore has 

reeenilv bc'en employed cm a nianiifaeumnu scale, see L\S. IGOoOSS (1926). 

- Keppeler, Zj(‘i{.-<<'h. nng^-tr Ch( m., 1908, 21 , o.'ld, o77 ; \Urola, Frc/ich Fate at, 59407S 
(1924) : Kudoh, Bnllsh Falcnl, 278974 (1927). 

^ Luno;c and Polhi i;, Zc itscli. angcw. C/urfri., 1902, 15 , 1107 , Berl, Zeilsch. aaurg. Oliem., 
1905, 44 , 267 ; Zaitsch. annev:. Chon., 1905, 18 , 252. See also Kuster, loc. cil. 

Wohler, Pluddcmatin and Woliler. Zdtsch. gaii/sikal. Cheni.. 1908, 62 , 641 ; Boden- 
stein and Fink, did., 1907, 6 c, 1, 46 ; Bovdenstein, Lbid., 1929, [B], 2 , 345. See also 
Wicland, Ber., iold, 45 , 679, GS5. 

^ Feumann, Zeilsch. Elektrochcm., 1929, 35 , 42. 
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ibund in the used contact mass, are cited as c^•ic!ence ot its formation 

as an intermediate comjwund.i ^ • 4., r ,• 

■Reecntlv a nc\v cataivst has come iivco use m t.ie lonn of yanaclmm 
nentoxide m- a metallic 'vanadate A siliceous matermt ol the zeoihe 
e is imm-eonated with the vanadium eomixmnd andygnitcd : or the 
dvst imiv'lic inixeii with a rmcly divided iiorous suDStauee such as 
Idcscioulm ‘or ashestosd It is claimed th.at this catalyst is almost as 
diicient as platinum and possesses tlie advantage of long hie having 
oTcat resistance to high tcm,ierature aiic oemg iniadeetec by the sub- 
stances whicli poison the platimmi.-' Acumann “ considers that the 
eatalvtic action iirobablv depends ujion tlie intermcciate lorniatioii and 
reduction of r'anadyl sulphate, traces of whicli are found in the used 

^'^’"lAOTrreonsideration of the details ol’ tlic ordinary contact process 
it will rcadilv be reeocnised that tlic catalytic inethoci ol manufacture 
of sulphuric 'acid is capable of yielding an acid of the liigliest degree of 
purity. 


A, promisino' development in the manii fact lire of sul})]u.iric acid 
consists in the"" combination ol’ the contact and cliambcr processes, 
wherebv tlie amount of contact catalyst used is only about onc-cightli 
of that used in tlie ordinary process." I'hc gases first pass into a 
contact chamber and tlie sulpliur trioxicic Ibrined is tlieii converted 
into oleum, vhilst unchanged sulphur dioxide passes to tiic lead chamber 
to be converted to sulphuric acid. Or, niti-osylsuljijiuric acid is made 
to act as a true surface catalyst, intimate contact between it and the 
erases containing sulphur dioxide and free oxygen being obtained by 
forcing the gases through fine films of the acid su|-)])ortcd on ])crforated 
plates? or through a series of tubes containing mixing dca iccs through 
whieli'the acid circulates : the oxidation proceeds in the liquid jdiase. 

Various other modifications of the sul])]uiric acid ])lant are in Use, 
the tendenev in recent years being to dci'clop intensii'c processes in 
which the reactions leading to the formation of suipiiuric acid occur at 
high velocity.^ 


Physical Properties of Sulphuric Acid.-- -I'iie "])urc‘'' iiroduct 
obtained bv evaporation or distillation wliotiier of a dilute or a fuming 
acid contains as a maximum approximately IKS- 1- per cent, of IfoSO^, 
the actual figure \'arying sligiitly with tlic pu'essnre.' At c-xtrc-mely low 

^ See al:;0 ihii Serie-^, tbl. IX., ISu’i il., 1K25, p. leo. 

XSckeil, Oit'm.. (Hid Met., iCrlS, 35, i .V> ; AhuxaiiduL, ( 'hf)>i. a/id I'/td., 1'.!^*.), ^:8, 87J ; 
Spangler, Ind. Kng. Cfitin., In2!), 21, -11/ ; -lacpur, ih/d., 11)211 2i, 027 , //t( nca/i Paltni, 

lOTooOS (1928) ; BritPh IdHud, 280708 (1928). Sut“ also iln.s Scries, \'oi. \’i., ISui J!]., 
1929, p. 27. 

" For coniparali\'C tests lor cictcrinining the :na\i?!iiif!i x’lclds ol SO., wii li platinum, 
vanadium and other catalysis, see Xeiima.nn, 'hin/.ncr and (d/eiicl, IZdJi-ochttii 

1928,34,690; Xeumann and Oloebf'l, /'ad , 73-!, -also daf-ecr, /cr- rd. 

■' Xeumann, ibid., 1929, 35, 42. 

^ British Baitrd.s, 149648 (1920); 184900, 187010 (1921); 21.79o:> (192r)); (irnnaa 
Fattrds, 419559, 429835 ( 1924). 

^ See further Perley, Ind. Eng. Ckcnt. , 192i), 21, 202 , /yiifis/i Bui' nt. 289879 (1928) ; 
Spangler, Cheni. diet. Eng., 1928, 35, 342 ; Ind Eng. Clunn., 1929, 21, -1 17. 

' Bineau, An/i. Chirn. Fhys., 1S4S, [iu.], 24, 337 ; '-arignae, ihid., 1853, [m.], 39, 184; 
Roscoe, Trans. Chein. Soc., ISGO, 13, 146 ; Pfauruiier* and Polt, Zed.^^rh. Chtni., 1870, 6, 
66 ; Ditrmar, ibid.. 6, 1 ; Knictscii, Brr., 1901, 34, 4088 ; luinge and Xael, ilyul., 1883, 16, 
953 : Lunge, ibid., 1SS4, 17, 89 ; Schcriel, J . pra/d. Chtm., 1882, 26, 29 0, 
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pressures eva] 3 oration may yield almost pure sulphuric aeidU The 
commercial acid commonly has a concentration oi‘ 94 to 97 ])er cent. 

As stated earlier, absolute sulphuric acid of 100 per cent, strength 
can be oldained as a crystalline solid by fractional erystallisatioii of the 
ordinary concentrated achl or })y adding tlie requisite quantity of 
sulphur trioxide to it ; - the solid has a melting-point of 10-5^ C.^ and 
a latent heat of fusion of 22*82 calorics per gram. 

Absolute 100 per cent, sulphuric acid when heated begins to boil at 
290" C..'^ but the temperature rapidly rises to a constant boiling-point 
of 838" C., when 98*4 per cent, acid distils. This behaviour is due to 
dissociation ^ of tlie pure acid, which at temperatures above 30"" C. is 
made evident by its fumes, and which can be demonstrated by partial 
separation of the dissociation ])roducts by making use of their unequal 
rates of diffusion.^ The vapour of sulphuric acid is largely dissociated 
into sulphur trioxide and water ; acid above 98*4 per cent, concen- 
tration loses trioxide more rapidly than water, whilst acid below' this 
strength parts ]Dreferentially with water, the tendency in both cases 
being for the remaining liquid to attain the concentration of 98*4 per 
cent., which is that of the acid mixture of minimum ^'apour ])ressure. 

Vapour density or vapour pressure determinations indicate ^'ery 
considerable dissociation of sulphuric acid vapour into steam and 
sulphur trioxide at 450 C., and at higher temperatures the dissociation 
is still further increased, attaining about 50 per cent, at 023^ C. under 
atmospheric pressure.' At these higher temperatures the sulphur 
trioxide itself suffers partial dissociation (see p. 141) : 

n.>so, z^i-ioO-hSOs, 

2SO3 v=2S0.3-h0.>. 

Near the boiling-point of the acid the vapour density gives indications 
of a partial association of the sulpliuric acid molecules into 
where .v is probably 2,^ in addition to the partial dissociation already 
mentioned. 

Pure sulphuric acid at tlie ordinary temperature is an odourless, oily 
liquid ; at O'" C. it has a specific gra\ ity of 1*854, at 15^ C. 1*8372, and 
at 2U" C., referred to water at tlie same temperature, 1*83 1.'^ The pure 


^ Wanklyn and Robinson, Proc. Roy. Soc., 1863, 12, 507 ; Stoedeer and Krafft, Ber., 
1906, 39, 2197. 

- Honike and Bein {Zell.-ich. an.orij. Cheai., 1904, 43, 125) believe the crystallised acid 
to fall just short of 100 per cent. 

^ 4Iarignac, loc. cit. ; Mendeleelf and Pawlow, Ber., 1SS4, 17, 302 ; Cameron and 
Macallan, Proc. Roy. Soc., 1889, 46, 1.3 ; Thilo, Chent. Zell., 1893, 16, 1688 ; Pictet, Compt. 
rend., 1894, 119, 642 ; Bronsted, Zeit,<ch. phjsil'al. Cheni., 1910, 68, 693. 

Lunge, Ber., 1878, il, 373. 

^ Lunge, ibid., 1884, i8, 89 ; Aston and Ramsay, Trans. Chern. Soc., 1894, 65, 170. 

^ Wanklyn and Robinson, luc. cit. ; Stocker and Krafft, loc. cit. 

■ Bodenstein and Katayama, Zcitsch. Bhldrochern., 1909, 15, 244. 

^ Vaubel, J. 'prakt. Client,., 1898, [11.], 57, 3.')1 ; Vernon, Chern. News, 1891, 64, 54; 
Oddo and Anelli, Gazzettu, 1911, 41, i., 552. 

Schertcl, J .prakt. Chern., 1882, 26, 246 ; Mendelet^ff, Ber., 1884, 17, 302, 2536 ; 1886, 
19, 379 ; Kolilrausch, Ann. Bhys. Cheni., 1882, [iii.], 17, 82 ; Lunge and Xaef, loc. cit. ; 
Richmond, J. Soc. Chern. Ind., 1890, 9, 479 ; Pictet, /oc. cit. ; Xasini, Ber., 1884, 15, 2885. 
For the general properties of pure sulphuric acid, especially as a solvent, see Hantzsch, 
Cton, 1907, 6i,257; 1908,62,626; 65,41; 1909,68,204; Oddo and 
Scandola, ibid., 1908, 62, 243 ; 1909, 66, 138 ; Gazzelta, 1909, 39, ii., 1, 44; 1910, 40, ii., 
163. 
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acid is a very poor conductor of electricity ; ^ /c=0'01 at 25^ C. It has 
a specific lick of 0-335 between 5° and 22° C., 0-355 between 22° and 
80° U. the value increasing with rise of temperature to 0-370 at 160° to 
n0° U“ Oilier jfnysical characteristics include a refractive index, niy, 
ol' 1--12922/^ and a specific inductive capacity of 41-6 at the ordinary 

temperature.^^ ^ . 

The gases ox}^gen, nitrogen ano carbon ctioxicle are dissolved by 
concentrkcd sulphuric acid almost to the same extent as by water, but 
the diluted acid is a poorer solvent in this respect, the minimum solvent 
power for oxygen and nitrogen occurring with acid mixed with water in 
the proportions which give maxhnum contraction on mixing ^ (see the 
following). This is not the case, iiowcver, with hydrogen chloride ; the 
(piantity oi‘ tliis gas absorbed by aqueous solutions of sulphuric acid 
diminishes with increasing concentration of the latter to a minimum at 
about 89 per cent, sulphuric acid.® 

Sulphuric acid is a good solvent for most solids, many organic 
substances in particular dissolving in it readily ; ' the molecular 
weights of substances dissolved in pure sulphuric acid are generally 
lowk than tlic commonly accejMed values, probably due to the forma- 
tion of dissociable additive compounds between solute and solvent. 

Behaviour towards \^Ater. — Water is eagerly absorbed by sul- 
phuric acid, and the concentrated acid is commonly applied as a de- 
hydrating agent for inert gases and organic compounds ; with the 
latter tlie effect is so marked that compounds containing hydrogen and 
oxygen, for example the carboiiydrates and tartaric acid, are readily 
carbknised by the acid. The preparation of carbon monoxide from 
formic acid or oxalic acid is also due to this dehydrating action, but it 
is remarkable that sulphuric acid of 1.00 per cent, concentration acts on 
oxalic acid very slowly in comparison, with the slightly diluted acid, the 
addition of 0-1 per cent, of water increasing the velocity of reaction to 
seventeen times that observed with tlie pure acid.^ 

On mixing with water much heat is liberated, 17-7 Calorics being 
liberated per gTam-molcculc IIoSO.! if a large excess of water is used ; 
over half this quantity of heat is liberated during the addition of the 
first two molecular proportions of water. It is uncertain to wdiat extent 
the evolution of heat is due respecti\mly to hydrate formation and to 
mere dilution.^ 

As the ordinary lieat of formation of sulpliuric acid from its elements 

^ Lichty, »/. A)ner, C'htm. Sue., 1908, 30 , 1S34 ; L'aldcn, Ztllsrji.. anonj. CJk-jii., 1902, 29 , 
371 ; Liron, J. Bu.ps. Phys. Chan. Snc., 1899, 31 , 171 ; Roiiiy, Compt. u-./i.d., 1889, 108 , 393 ; 
Kohlrauscli, A/nt. Fhys. Chem., 1876, [ii.], 159 , 257. 

“ Marignac, AicJi. Aci. phys. v.aL, 1870, 30 , 217 ; IM’aundlor, Bcr., 1870, 3 , 738 ; Biron, 
loc. Clf. 

^ Nasini, Bcr., 1884, 15 , 2885 ; Bccquerel, Arm. Clutn. Phy-^., 1877, [v.], 12 , 5. 

Weber, Arch. Sci. phys. nat., 1893, [iii.], 29 , 571. For tlie magnetic rotation of 
polarised light, see .Bcequercl, loc. oil. Tor the absorption spetarum, see .Hartley, Trans. 
Chem. Soc., 1903, 83 , 237. 

^ Bohr, Zeitsch. jAiysihd. Chern., 1910, 71 , 47. 

^ Cupr, Piibl. Fac. Sci. Piuo. dlasaryh, 1925, 63 , 1 ; Hcc. Trav. chit/i., 1925, 44 , 476; 
Coppadoro, Gazzeita, 1909, 39 , ii., 616. 

‘ Kendall and Carpenter, J. Arner. Chem. Soc., 1914, 36 , 2498 ; also Hantzseh, loc. cit. ; 
Oddo and Scandola, loc. cit. ; Beckmann, Zeitsch.. ■physikal. Chem., 1005, 53 , 129 ; Atsuki 
and hlinaki, Cellulose Ind. Tokyo, 1926, 2 , 3 . 

^ Bredig and Lichtv, Zeitsch. Elektrochem., 1906, 12 , 459 ; Lichty, J. Physical Chern., 
1907, II, 225. 

® Krcmann and Kerschbaum, Monatsh., 1907, 28 , 911. 
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is 193-0 Calories, the heat of formation from the elements in the presence 
of a large quantity of water is 210-7 Calories. ^ 

In contrast to its beha\'iour with water, sulphuric acid witli ice 
forms freezing mixtures, the temperature falling from O'" C. e\'en to 
— 2-U C., the result being still more satisfactory if the acid is ])rc\'iously 
diluted with a hi- to ter-moleciilar ]wo]3ortion of water.- The actual 
absor])tion oi‘ heat is due to the enforced melting of a relatively large 
quantity of ice. 

A mixture of water with sulphuric acid occupies a smaller volume 
than the two unmixed constituents, considerable contraction being 
observable (sec the following), the maximum cflect occurring with 
G7 to 69 per cent, of acid by weight. With gradual increase in con- 
centration the acid does not exhibit a continuous increase in density, 
but attains a maximum specific gravity of 1-8442 at C. at a con- 
centration of 97-5 ]3er cent.d so that the specific gravity is of little A-alue 
in testing tlie acid concentration between 05 and 100 per cent. The 
following table gives an indication of tliis abnorinal bcliaviour, the 
specific gravities being given for the acid at 15^ C. compared with 
water at the same temperature.^ 


Specific 

Gravity. 

Per cent. 
ILSO,. 

Sj)ecific 

Gravity. 

Per cent. 
H,S0,. 

Specific 

Gravity. 

Per cent. 
H.SOi. 

1*050 

7-32 

1-550 

64-29 

1-S25 

90*70 

1*100 

14-29 

1-600 

68-66 

1-830 

91-74 

1*150 

20*90 

1-650 

72-93 

1*835 

92*98 

1*200 

27*21 

1-700 

77-17 

1-810 

94*57 

1*250 

33*31 

1-750 i 

81*55 

l-S-U 

96*93 

1*300 

' 30*18 

1-800 ' 

86-84 

i-sin 

97*50 

1*350 

44*77 

1-805 

87-5 

1-844 

98*08 

1*400 

50-06 

1-810 1 

88-20 

i 1-840 

09-88 : 

1-450 

55-04 

1-815 

88-95 

1-8394 

: 100-00 

1-500 

59-78 

1-820 1 

89-79 


i 


^ Thoniso'-ii, jjV/-.. iSTn, 3 , 4(i ; Bcrlhelot, rc/id., iS73, 77 , 27 ; IS77, 85 , ; 

An.1i. Chi}ii. Phy.'!., ]S9S, [vii.]. 13,77 ; Koii.sscau and Tile, Ca/upL rcud., iS9i, 113 , l!)l , 
Id^iuiKlIcr, Btr., 1S70, 3 , 79d ; Sttzun<j.r>b<-r. K. AiJcad. U'/.'-.s. VVlLn, iS7d, [li.], 71 , loT) ; clullor, 
Bull. Soc... cJmn., 1913, [v.], 13 , 1053, 1057 ; Bose, Pltysikal. ZeiPch., 1905, 6 , 54S. 

- Berrhelot, Compi. rtnd., 1S74. 78 , 1173. 

^ llciideleelf, B(:r., ISSO, 19 , 3S7 ; Bineau, Ann. Clnm. Bhyn., 184S, [iii.J, 24 , 337; 
PicdvOrinLi, Chtni. dStirs, 1S92, 65 , 14; Hieteriei, Uy/w. Phyn. CIkih., 1893, [iii.], 30 , 09; 
Kolilrausch, Bcr., 1S7S, li, 981 : Richmond, J. Boc. Chen/. Iml., 1890, 9 , 479 ; Knictsch, 
Ber., 1901, 34 , 4102, Donikc and Bern [Ztit^ch. anorg. Ckcni., 19C>4, 43 , 125) aivc a 
maximum density JO/ —1-S415 at a concentration of 97-25 per cent. 

^ rickcrina, Trans. Chnn. Bdc., 1890, 57 , 154 ; alarshall, J. Pnc. Pla /;i. Ind , 1899, 18 , 
4, 1091 , 1902, 21 , 1508 ; 1903, 22 , 170; Berouson, ibid., 1905, 24 , 781. See also Kolb, 
Bingl. indy. J., 1873, 209 , 2()8 ; Liiiiac and Xaef, Zenlsch. angr/r. (Jhfn}., 1890, 4 , 129 ; 
Richmond, J. Bon. Choin. Lnd., 1890, 9 , 479; Client. dScirs, 1894, 69 , 236, blendcdcch, 
Bcr., 1S8(), 19 , 379 ; Kohh-ansch, An/i. Phy^. Clicni., 1895, pii.], 56 , Rt 8 ; Loomis, 
ibid., 1897, [ui.j, 60, 547; Rucker, P/ii/. Mag., 1891, [v,], 32 , 304; 1892, 33 , 204; 
Barnes and Scott, J. Physical Ckem., 1898, 2 , 536. Tor a specilic gravity table for mixtures 
of sulphuric acid and nitric acid, see Saposchnikoil, J. Russ. Phys. Chon. Boc., 1005, 37 , 
374 ; 1904, 36, 518. 
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Between 6G and 81 per cent, the relation between the concentration of 
sulphuric acid and the specific gravity is represented very closely by 
the formula 

x = SGS—G0-00, 

where dj is the cojicentration and tlic spcciiic gra\itv at 15 C. reierred 
to water at the same temperature.^ The concentration of stronger acid 
can be determined by diluting with a known jiroportion of water so 
tliat the weakened acid falls somewhere witliin the stated limits of 
concentration, then fnding tlic spccifc gravity. 

Another interesting physical metliod for deterinining the percentage 
of sulphuric acid in the concentrated acid is to measure the contractioji 
on mixing with water." If in a SOO c.c. graduated flask 200 c.c. of the 
acid under investigation are added to 100 c.c. of w'atcr. tlien alter restor- 
ing the temperature to 15'^ C. a contraction is evident: its amoinit can 
be measured by the addition ol an inert liquid (for example vaseline oil) 
from a burette to the mixture until the 300 c.c. mark of the flask is 
reached by the level of tlie liquid. Tlic contraction with acid of various 
strengths is as follows : 


Percentage of ' 
Sulphuric Acid. 

Contraction, 

c.c. 

Percentage of 
Sulphuric Acid. 

Contraction, ' 

c.c. 

98 

2-i'l 

91 

15-0 

97 

22*6 

90 ^ 

I3'9 

i 96 ^ 

21-2 

89 

12-9 

95 i 

19-8 

88 

12-0 

9-f 

18-5 

87 

11-2 

93 ; 

ir-3 

86 

10--1 

92 

16-1 




Tlie aqueous vapour pressure oi‘ diluted sulpluiric acid lias been 
determined over a large range of concentration and tcm|)craturc.''^ The 
results gi\'en in the fcHowing table for temj)eraturcs up to 90" C. are due 
to Soreld und tliose from 100" to 200^ C. to Briggs.'" 

1 .irai-slialt J. Soc. Chun. Inh., 1891), i 8 , 8 . 

“ W'anklvn and Froc. Hoy. Soc., 1S()8, 12 , .107. j^’or a iatic' (d' the ]iro- 

portions of concentrated acid and water neec.ssary to nive an ac.id of aii\’ roij uirofi sjjcoilic 
gravity, see Anthon, J. prokL Clam., 188(5, 7 , To. 

For measnreinetus of the latent lieats of vaporisation oi a(j neons s(.)JnLJotis of snipliurie 
acid, sec ^'^e^•s]^I and Xikolski, J . P/i Ch( m. 19c7, 50 , 77 ; of tlit* iVc-e enerav 

of dilutioti, etc... see Landall and Cusliinann, J . A//^^ r. (.'h< m. S(,c., ] 1 S, 40 , 898 ; .Sinit h and 
Mayer, ibid.. 1924, 46 , 75 ; of .stiecilie Ik ats ol aijiieous solutions ol various eon.contrations 
and of HwSO.i-HXO^-t-l.k.) mixtures, sec Pascal amd Oartiier, OOP/. Aar, rhun .'\ 
27 , 8 ; of the surface tension of aqtieoiis sutpiiiirK aeici of varuons coneeiitrations, see 
Livingston, Morgan and Davis, J . Auncr. CIlUii. Noe., 191(1, 38 , 55.5 ; of sju'cilie resistivities, 
see Skowronski and lleinoso, Tron.'--. Amu\ Kb clrorhmi . Sr,r., 1927. 51 , i 18. 

^ Sorel, J. Koc. Chun. ] Ad , 1890, 9 , 75. 

^ Briggs, ibid.. 1908, 22 , 1275. See also Dieteiics, Ann Khyn. Chnn., 1899, [in.i, 67 , 
8()5 : Burt, CJtcJn. Ke-tun, 1908, 88 . 275; d'lann. Chun. Noe., dooi, 85 . I 88 f)’; Sched! 
Phyubil. Zdtncli., m)b. 6 , 867 ; Marker, Ann. Khysdp l!)li>, [ u . 39 , | 88 ,s . Crohman and' 
Frazer, J . Amu'. Chem. Nee., 1925, 47? D 2 : Greeii(‘wai(, Jnd. Knij. Cht-in., Ifj25, 17 , 522 ; 
Thomas and Barker, Trans. Chcnt.. Aoc., 1925, 127 , 2820. 
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VAPOUR PRESSURE OF AQUEOUS SULPHURIC ACID 

(in mm. Hg) . 


Temperature, ’ C. 

10 

20 

30 

40 r>o 

60 

1 

0 

SO 

90 

Concentration 




i 







HoSO} (per cent.). 




i 

1 





4 4 

4*4 

8*5 

15*5 

28*1 : 48*3 


. 




50 

3*3 

6*5 

12*0 

21*4 1 35*9 

61*3 

9c 

bO 

152*0 

236*7 

60 

1*6 

3*0 

6*1 

10*0 i 16*9 

1 28*7 

46*1 

72*3 

118*7 

TO 

0*8 

1*3 

2*5 

3-8 5*9 

9*5 

15*5 

25*5 

44*4 

80 

0*2 

0*3 

0*8 

1-3 i 1*9 

! 

2*9 


4-1 

6*2 

9*3 

i 

Temperature, C. 

] 

00 

120 

140 

! 

ICO 


180 

200 

Concentration 




I 






H 2 SO 4 (per cent.). 


I 

i 


i 

i 






77*51 

20*2 

71*0 

1 168*5 ^ 






81*81 


8*5 

32*5 

75*7 1 

207*5 



. . 

87*32 


2*4 

8*7 

26*3 j 


5 

132*5 

367 

91*22 




10*0 1 

25*< 

} 


62 1 

149 


Hydrates of Sulphuric Acid. — The avidity of sulphuric acid for 
v'ater naturally suggests the possible formation of dehnite compounds or 
hydrates, and the existence of such hydrates has been demonstrated in 
various ways. 

The freezing-])oint curve for mixtures of two substances is usually 
regarded as affording definite evidence of the occurrence or otherwise of 
chemical combination betvreen the constituents, and with mixtures of 
sulphuric acid and water very definite results are obtained.^ With 
sulpiiiir trioxide and water as tlie two comiponents, maxima on tlie 
freezing-point eiivye (hg. '12) occur at proportions corresponding witli the 
compositions of tlic following compounds : SO.3, lUSoOy, H2SO.J, IIoSO^. 
il’oO, HoSO.^.iTIoO, IioSO.j.-lIioO. H.yO. Thus the existence of a 
mono-, a di- aiid a tetra-iiydratc of sulpliurie acid in the solid condition 
is })ro\'cd, but tlic ])ossibiiity of otlier liydrates, for instance HoSO^. 

SiioSO -.1 ioO and II^SO j. rglloO, under other conditions, is not 
excluded. Tlie linal 'portion of tlic curve towards 100 per cent. SO 3 is 
uncertain owing to tlic nature of sulphur trioxidc (p. 180), and is tlicre- 
i'orc not included in the (igure. 

Other indications of tlie existence of liydrates are found in the 
curve representing the electrical conductivity of solutions of various 

^ Pickering, Trans. Cheni. S(jc., iSPO, 57 , ; Ber., 1S92, 25 , 1099; see also Chci/i. 

Xcirs, 1SS9, 59 , 248; Zcilsrh. phy.sikn] . Chom., 1891, 7 , 878; Giran, Cornpi. rend., 1913, 
157 , 221 ; Iviiietsdi, Ber., 1901, 34 , 4100 ; Biron, J. Bus.^. Phy.^. Chctri. Sar., 1890, 31 , 017 ; 
Pictet, Cornpi. rend., 1394, 119 , 642 ; Thilo, Chern. Zed., 1392, 16 , 16SS. 
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concentrations, minima occiirrini>-at the compositions SO.. HoSO^, iI,SO.^. 
HoO, HoO ; 1 also in the refractive index curve - a maximum is found 
at“ tile proportion H.SO.^.HgO, ivhiisb sharp breaks occur at HoSO^, 
HoSO,i.2H20 and H2SO4.4H2O. The jiscosity curvej^ also indicates 
a series of compounds SO., T 1 2S0E?-, I“r2S04, hi 2SO 4.1100, ifoO, whilst 
the thermal expansion of sulphuric acid of various^ coiicejitrations gives 
indications of the hydrates Il2S04.rl20 and H2SO4.2II2O.' Particu- 
larly clear evidence of hydrate formation is aA'ailable from determinations 
of the molecular weight of various mixtures of suljihuric acid and water, 
using acetic acid as cryoscopic solvent,^ the results demonstrating the 



Pig. 12. — Freezing-point Curve for 


occurrence of HoSOj.iPO and HoSO.j.^IIoO, and also tlic jwobability of 
a higher hydrate, HoSO.j.gHbO. aitd a lower one, 2l i.,SO ,. 11 . 0 . 

The relation between spccihc grax ity and concmitratioii gi \ cs no deh- 
nite confirmation of the presence of liydrates iii diluted suipburic acid.^ 


^ Kolilrauscii, PJiys. Chcni., ISSo, [in.], 26 , 161 ; 1882, [ni.L 17 , G!) ; Ci’onipton. 
Trans. CJicm. Soc., ISSS, 53 , IIG. 

“ Pickering, Trans. CJitm. Sue., 189.8, 63 , 99; Pen-v, Cohi'id. rend.. 18!J2, 115 , 1309; 
Kohlrauscli and Hallwachs, Ann. Plujs. Chon,., 1891, Ym !, 53 , id; Le iiianc, Zciisch. 
jihysikaJ. Chern., 1893. 67 , 183S ; Veley and yianley, Proc. P<>y. A(jc , 19(ir>, [A], 76 , 469. 

^ Dunstan and Wilson, Trans. Chern. Sac., 1907, 91 , 83*; 1908, 93 , 2[7i; ; Dunsian, 
Prc,c. Chern. Aoc., 1914, p. 104 ; Knieiscl!, Bcr., 1901, 34 , 4069. 

^ d Domke and Beni, Ztilsch. anaroj. Chcnt., 190.3, 43 , 125; diendeltelf, lU. i i 886 , 19 , 
Joiies, A'nitr. Chern. J., J894, 16 , J ; Zaf-'^rh. physil-al. Cheni., '894. 13 . 419. 
Pickering, loc. cit. ; Wendelejew, Zedsch. physlkal. Chun.. 1887 , i. 275. For other 
investigations bearing on this subjeci, see Thomsen, At/., 1870, 3 , 496'; Perkni, Trans. 
Chern. Soc., 1886, 49 , 777 ; Beitlidot, Co.npl. rend., 1874, 78 , 716 ; Schneider, dlonalsh., 
1890, II, 116. A summary of various methods and the corresponding resnits ttiveii by 
Morgan and Davis, J. Amcr. Chun. Soc., 1916, 38 , 55 . 5 . 
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Sul'plniric acid moiiohijdraie,'^ crystallises troin acid 

of the corresponding concentration in hexagonal prisms which melt at 
-1-9'' C. ; the dihydrate, i-:2SO.i.2l-IoO, melts at —3?' C., and the ietra- 
hydrate. H2SO.,.4lIoO, at —24.5' C. These hydrates are relatively 
unstable and in tlie molten condition arc dissociated to a considerable 
extent, behaA'ing as ordinaiy dilute sulphirric acid. As is indicated in 
fig. 12. the melting-])oints of these iiydrates are lowered A ei’}' considerably 
by tlic presence of a slight excess of either constituent. 

It is worthy of note that the ])hysical properties of mixtures of 
sulphuric acid and ethyl ctlier also indicate the formation of additive 
compounds,^ for example 110804.(02115)20, in Avhich the ether may be 
regarded as functioning in the same manner as does the molecule of 
water in the hydrate rloSO^.IIoO. Ethyl alcohol, whicli is analogous in 
many AvaA’'s to water, beliaves in a dilierent manner with sulphuric 
acid, giving ethyl hydrogen sulphate, (02X15)11804, and other products. 

Ionisation of Sulphuric Acid. — In aqueous solution sulphuric acid 
undergoes electrolytic dissociation with formation of and 11804' 
ions, the latter dissociating in part still further into H' and SO./' ions, 
especially if the solutio}i is dilute. Examination by tlic A'arious avail- 
able physico-chemical methods shows that, regarded from the ]Doint of 
view of the first stage of dissociation or, in other Avords, considering 
the acid as monobasic, sulphuric acid is comparable in strength (as 
distinct from concentration ) Avith hydrochloric and nitric acids ; the 
second stage, IISO4' Ii'—SO,/', however, lias much less tendency 
to proceed to completion, and, in consequence of tliis, sulphuric acicl, 
acting as a dibasic acid, is considerably inferior in strength to nitric 
acid and the halogen hydracids, excluding hydrofluoric acid.'^ Its 
ability to displace tliese acids completely from their salts is dependent 
on its lower Amlatility. 

Electrolysis, — On electrolysis of acid bcloAv 20 per cent, concentration 
the products are mainly liydrogen and oxygen (Avith ozone ),^ but AAuth 
more concentrated acid the coirversion of 1180./ ions at the anode into 
free H8O4 groups is succeeded by the coujding of the latter to form 
molecules of pcrdisuiphuric acid, lioSoOg,'^ Avhich changes more or less 

’ Care is necessary to avoid confusion in terminology wnli these Iiydrates because, 
unfortunately, pure sulphuric acid, is frc(j[ucniiy but incorrecily termed sulphuric 

acid monohydrate.’' 

- Arclnbald and hlcjnio>]i, Trav.-.-. (JJu in. xSijC., 190-L 85 , 919 ; Tscheiinzev and Kozlov, 
,/. /Cess. 77/y.'', CJa in. Xer., ]9J-i-, 46 , 408 ; Round, Trun.^. Chern. Sioc., 1911, 99 , 69S. 

^ For instance, set! Kremann, 1910, 31 , d-fb, 67 J, lObl ; hblhers, Cuinpt. 

rcinl.. 1904, 136 , i4bd. 

‘ Traube, ./Vr., 1S92, 9 , 487 ; Trevor, AciTc//. ph CJ k m,. 1892, 10 , ooo ; Jones, 
ibid., 1893, 12 , 628 ; Kay, Proc. Jdoy. Soc. Ldin., 1898, 22 , 493 ; Wlietham, Fioc. Boy. iSoc., 
1900, 66 , 192 ; RJOo, [A], 76 . 577 ; 1908, fA], 81 , 58,; Jones andhlurray, Aninr. CJte.in. J., 
1903, 30 , 205 ,• Felipe, Phy.^lL-al. Zeil^ch., 1905, 6 , 422: Lutlicr, 'ZeiAdi. Idlchirochcni., 1907, 
13 , 204 ; Huylirechts, Ann.. Chim. riiys., 1907, [vhi.], Ii, 68 ; .Jaiiii, Z(:iL-rh. •physihaJ. 
Chtni., 1907, 58 , 641 ; Karo, dsltni. Col. Scd. Eng. Kyoto, 1908, i., 332 : rsoyes and Stevarr, 
J. Ann)' Chon. Zoc., 1910, 32 , 1133; Kremann and Rrasseri, bMonalnh., 1910, 31 , 195,- 
Fnklaar. Chttn. bVe/.J/er/, 19]], 8 , 824 ,; 1912, 9 , 28; Riehardson and Taylor, Enin.i:. 
Arner. Klo'irocJif m . Soc., 1911, 20 , J79; Dnieker, Z(it,n'h. Ehl'horhon ., 1911, 17 , 398; 
Zciicch. p'hysil'o/. C/tcin., R,;i2, So, 630; Tolnian and Greathouse, J. Anic,. Chon. Soc., 
1912, 3 p 364; Ferguson and France, ibici., 192J, 43 , 2130, 2161 : KoliholT, Kcc. Trat. 
chi in.. .1924, 43 , 207. 

^ Geuther, A'nnuloi, 1859, X 09 , 129 ; Gladstone and Tribe, Bor., 1879, 12 , 3S9 ; Tonne. 
Chon. Soc., 1SS3, 43 , 344 ; hicLcod, ibid., 1886, 49 , 591. 

Berthelot, Conipt. roid., 1878, 86 , 20, 71, 211 : 1880, 90 , 269, 331 ; IS&l, I 12 , 14S1 ; 
Ann. Cliini. Fhys., 1892, [vi.], 26 , 526 ; Marshall, Trans. Chon. Soc., 1891, 59 , 771 ; Eibs 
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rapidly according to the concentration into permonosulpliuric acid, 
I-I 0 SO 5 : ^ this last product, again, can undergo furtlier change, giving 
rise to livdrogen joeroxide. 

Sulphuric acid of 98 per cent, strength undergoes decomposition on 
electrolysis. At aO"" C. hydrogen, hydrogeJi sulphide and sulphur arc 
Ulcerated at the cathode ; at higher temperatures the cathodic products 
are sulpliur dioxide and sulphur, until at 300^ C. only suhdiur is liberated. 
Up to 200^ C. oxygen alone is evolved at the anode, but with rise in 
temperature sulphur dioxide also appears, resulting from oxidation of 
sulphur which has diffused from the cathode chamber ; above ‘dSO"" C. 
the two gases leave the anode in quantities in accordance with Faraday's 
Lave “ 

Chemical Properties of Siiipliiiric Acid. — Concentrated sul- 
phuric acid possesses marhed oxidising power, es])ccially in tlie presence 
of certain metallic salts, such as tlmsc of mercury auid co])per. Gaseous 
hydrogen begins to undergo appreciable oxidation by sulphuric acid at 
160'' C.,^ but nascent hydrogen or hydrogen in contact with finely 
divided platinum can effect the reduction of the acid even at the ordinary 
temperature.'^ If a mixture of hydrogen and sulphuric acid vapour is 
passed over silica heated at 700° to 900° C., quantitative reduction to 
hydrogen sulphide occurs.-^ Th.e acid slowly oxidises carbon to carbon 
dioxide,^ this process occurring in the Kjeldalil process for the estima- 
tion of nitrogen in organic substances. The reaction with carbon 
monoxide proceeds according to tlie equation 

H,SO,-rCO = CO,-rSO.-hHoO, 

as long as the acid eoncentra'cion does^ not fall below 91 per cent. ; ^ 
certain catalysts, e.g. mercury, silver, selenium, palladium and iridium, 
but not platinum or osmium, accelerate tliis reaction. Phosphorus is 
oxidised to phosphoric acid by sulphuric aeidp"^ and sulphur to sulphur 
dioxide, in both cases the assistance of heat being necessary. 

Hydrogen suljhiide reacts with concentrated solutions of sulphuric 
acid yielding sulphur and sulphurous acid, thus ; 

H.S AHoSO,=H,S03-hli .p --S. 

At the ordinary temperature the concentration of tlic acid ]uust not be 
much less than 25A for separation, of su]])]iur to occur. It lias been 
suggested, therefore, that it is really j^yrosaijiluiric acid. iIoS., 0 -, wliich 
reacts with the hydrogen siiljiliide, tliis acid being jirescnt in small 
equilibrium quantity in the eoneentrated acid solution. The first stage 
of the reaction would thus be : 


and SciionbeiT, ZdUcli. Ekkiroche.ui., ISlid, i, 4J 7, 468 : 2, 2-15 ; Elbs, Zcll-sch. anfjciv. CkeiH. 
1897, }). 195. 

^ Caro, Zc'.iU'cJl. aitgeu'. Cfani., 1898, p. 845; Traiibo, Bcr., 18S9, 22, 1518; 1891, 
24, 1764 ; 1892, 25, 95 ; Baeyer and ih/d., 1 9ol, 34, 85.3. 

rlolfmann, Zeildcn. Llcli rocfdin 1921, 27, 442. Eor tdie eil'oct of an alternaliiig 
current on sulphuric acid, see Lattey, Phil. J/uf/., 1925, I'vi. j, 50, 144. 

^ Warner, Ghem. News, 1873, 28, 13 ; BerLhelol, Co'nigiL nad.^ JS97, 125, 743 ; Ann. 
Chim. PJiys., 1898, [vii.l, 13, 64 ; Vilbaucr, Zeilsch. jjhgsital. Clu-m.. 1907. 57, 649 ; 1911, 
77, 3S0. Cf. Jones, Mon. Manrhesi(:r Phil. Sue., 1917, 61, Xo. 3, 1-3. 

1 Cooke, Ctifrn. New.<^, 1888, 58, 103; roimlio, Rrnd. Acovl. Pci. Pis. Mat. Napoli, 
1915, [iii.], 21, 19. - Vila, Conipt. rend.. 1924, 179. 1163. 

Berthelot, Ann. Chim. Phijs., ISOS, [vii.], 14, 206; Philippi and Seka, McniaiAi., 
1927, 48, ,1/5. ' Milbaucr, Ckeni. Zeit., 191S, 42, 313. 

^ Oppenheim, Bull. Soc. chim., 1864, [ii.], i, 163 
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II2S2O7 -1-112^ 112^306 + ^20. 

The trithioiiic acid wouid then decompose as indicated on p. 212, 
ultimately yielding sulphurous acid and sulphur.- 

Ilydrobromic acid reduces sulphuric acid to sulphur dioxide, as also 
does liydriodic acid, but with the latter in high concentration the 
reduction goes rurthcr, ])roducing sulphur and hydrogen sulphide.- 
For this reason when metallic bromides and iodides are treated with 
sul])huric acid, tlic halogen element is lioeratcch the temperature at 
which tliis becomes exldent depending on tire concentration ot the acid ; 
thus, with the potassium salts, the following obseiu'ations Imvc been 
made ; ^ 


Concentration 
cent. II2SO4 
Temperature, 
lo detected 

of acid, per ' 

C., at which ■ 

, 

25 

100 

30 

60 

35 

50 

40 50 

45 i 30 

^ Concentration 

of acid, per 




I 

cent. HoSO^ 


60 ^ 

70 j 

80 

90 . . 

Temperature, ° 

C., at which 

I 




; Bi'o detected 


ICO 

i 

100 

46 

38 1 . . 

1 


Stannous chloride also causes reduction to hydrogen sulphide.^ 
Sulphuric acid is oxidised to permonosulphuric, perdisulphuric and 
lluorosul])honic acids when an ice-cold aqueous solution is treated with 
iluorinc. In addition to the toregoing products, ozone and a very 
unstable compound belierxd to be a tetroxide (SO.^ or S^Og) are also 
produced.^ A similar oxidation occurs when Iluorinc is ])assed into 
cold solutions of alkali sul})hates or hydrogen sulpliatcs. 

Sodium and jrotassium attack the ])ure acid even in the cold, the 
action with liot acid being explosive A Other metals, for exaiiprle iron, 
zinc, magnesium and manganese, whicli ji])erate liydrogen readily from 
hydrochloric acid, beliave similarly witli dilute sulpluiric acid, but with 
the concentrated acid the reaction is more sluggish, generally requiring 
to be aided by heat, and, as any hydrogen wliich might be produced 
becomes oxidised by the acid, the gaseous product is sulphur dioxide." 
Sil\’er, lead, mcrc^ury and copper arc attacked only by the liot concen- 
trated acid ; by-rcactions fretpicntly occur, such as the formation of 


BasscLt and DiirraaL', -/. Chem. ;S'or., ]'i27, p. 142U. 

^ Jjeiiediki and itnnboruc'r, Zjc.r., iS‘Jl,24. 451 : Bush, J . r/ii/.y-lral CliLni., 11321), 33, 613. 
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some metallic sulpliicle due t{> rcc'metioii oi sulpiiatc. and in tlie case 
of copper not only arc cupric siilpiiate and cuprous snipliide commonly 
obtained A Init caijmons sul])hatc may also he found in solution; - indeeci, 
the reaction, if c'arricd out at about 200° C., provides a means of pre- 
]:»arin£r tlie last-named saltr^ Plalim.im is attacked very appreciably by 
siilplmric acid at 250 C., tim ehcet being diminisbecl^ bv tbe jircsencc of 
rediieing agents such as carljon, sulplmr, sulphur dioxide or arsenious 
oxide. 

The interaction of a mixture ol nitric cxicie anci nitrogen dioxide 
vitli snljiriuric acid luis aircpody been reterred to {p. l53) ; nitric oxide 
alc)ne is only slightly aosorneci hv tlic pure acid and not appreciably 
by the scmeviiat diluted acid siicli as is used in tlie nitrometer/”^ 

5Jention lias been made already of the action of phosphorus penta- 
chloride on snlpliuric acid (o. 98) A 

Applications of Snipliaric Acid/ — In addition to various piir- 
]ioses already mentioned, sulphuric acid is ajiplied on an immense 
scale in the inorganic ciieniieal industry ior the manufacture of acids 
siicli as hydrochloric, nitric, hydrofluoric and phosphoric acids, and 
directly or indirectly in the production of many other chemical sub- 
stances such as |)hos[)horus, chlorine, bromine, iodine, sodium carbonate, 
hydrogen peroxide and, of course, sunihates. The ’* superphosphate 
of lime industry, by vdiich ordinary insoluble calcium phosphate is 
com-erted into a foriu which can act as a fertiliser, supplying phospliorus 
in a condition suitable for absorption by tlie roots ch plants, consumes 
immense quantities of subpliuric acid, as also does the production of 
ammonium suljiliate in coke ovens and gas works. Much sulphiirie 
acid is also used m electric batteries of various types, aceuniulator cells 
in particular requiring a dilute acid of a high degree of purity. Metal- 
lurgical industry calso calls for large quantities of sulphuric acid, especially 
for use in pickling metals, ix. cleansing metallic surfaces from 

22, 114 ; Xapier and Tatlock, Chem. Aev/v, 1880, 42, .4 14 ; Btr., 1881, 14, 12.1 ; Glover, Cliti/i. 
News, 1882, 45, 105 ; Cookson, (bid., 1882,45, lOG ; ^lactear, ibid,, 1880, 41, 236 ; Pilkin, 
Trans. Chein. Soc., 1SS5, 48, 4()0 : Lnnpe and Schmid, Zeib'^cJi. UiKjcir. Chrm., 1892, p. (>42 ; 
Knictsch, loc. cd. ; BaHkervilie and diiilcr, Cheni. Ni ins^ 1S9S, 77, ,19i ; Pitman, J. A/atr. 
C/icm. ,SV/C., 1898, 20, 100 ; Berllicdor, CompL rend.., 1897, 125, 749'. 

Barruel, J . B/iaj m. Chnn.., 1834, 20, 13 ; Calveri and .jolinson, Tnins. Cki:)n. >S’oe., J866, 
19, 138 ; Pickonrm, djid., ]S78, 33, 113 ; Baskerviik', J. A.mj r. Chctn. Aoc., 1895, 17, 904 ; 
1890, 18, 942: Barskm villo and .Millciv ibid., .1897, 19, i873 ; Andrews, A^nier. Chmi.. J., 
1896, 18, 25)]. 

- h' mj} . jjo! >./. J., !S76, 221, 82 ; Cmi/j)!. ri.ftd , 1880, 191, 59 ; j’lckor- 

nii;, Trons. Chf.m. Soc., 1878, 33, 1 12 ; Alurenlas, A/tn. Bhij<. Ch( in.. 1898, (3), 65. 629 : 66, 
540: Baskcrvdile, •/. Ann"-. (Jin tn. Sue.. 1896, 17, 90: i8, 942: dvndiaw', s, ibid., 18, 251 ; 
Adie, C/unn. Niu.--'\ 1899, 77, 26! , Gonroy, J . S(,r. Cln in J nd.. .i903, 22, 465 : Kuer, Zcildch. 
Blcktrocheni ]903, 9, 235; .BiTic-liei and .i'etir, ibid., 1904. 10. 96)i) ; Cninpi. hikL, 
1905, 140, 655; Delepine, ibnl., .l906, 142, 631; Cundall, Trans. (An-ni. Sue., 1914, 
105, 60: Regers, ibid., 192b, p. 253 ; Btuco, (JJie.ni. News, 1928, 136, 81 : ]''ouJes, ibnl., 
136, 257. •= Driiee and .Bowles, dnd..^ I37- 385. 

Bor tlie heliavieiii’ of other metals tovvar'ds sidpiuirie a.eui. see Smitii, J . Sue. (Jheni. 

./ nd., 1904, 23, 475, (AI) : Xissenson and Crciognif), Chtm. Zed., 1902, 26, 98 1, also .Muir and 
Robbs, Chein. New-^, 1882, 45, 69, (Sn and Sb). 

Jninge, J . Sue. ClieriL. Jin!., 1885), 4, 447 , JJi r., 1886, 19, lit; Xlettlefohi, (Jheni. J\ eirs, 
1887, 55, 28. See also Alien, J. Soc. (Jl/cin. J nd., 1885, 4, ]78 ; Ba\-iev, Chein. JJeirs, 1886, 
53A). 

1' or the chemical lieliavioiir of sulpiiiirk- acid a( low (ernpeiad ure>, see f'raiiklin and 
Krau>, Ainei'. ('hern. J., 1909, 20, 820 : .Bictel, Cuinpf. lend , 189)2, 115, 816. 

mSee ChcTiv'scJie TechnoloQie, vol. i. (iSOo), and Chcmisch.e TcchnulogcC der Naiizeif, 
voL i. (1905), by Dammer. 
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rust and dirt ; thus, in South W?des, steel ])late is almost exelusively 
pickled with sulpliuric acid before tinning. 

The organic chemical industry likevrise consumes much sulphuric 
acid for a wide variety of purposes. Tlie acid is not only used for 
the pre'paration of sulphonic acids, a process of particular importance in 
the coal tar dye industry, Irut is also ap])lied as an oxidising agent, for 
example in the ]:)rodiictioii of phthedic anliydride irom naphthalene, 
which is also an important step in the manufacture of various dyes such 
as indigo and eosin ; in applying the sulphuric acid for siilplionation 
or for oxidation purposes, traces of mercury compounds frequently 
exert a marked catalytic inliuence. Sulphuric acid is also used in tlie 
purification of various kinds of oils, especially mineral oils, and directlv 
or indirectly in the hydrolytic decomposition of various animal and 
vegetal^le oils and fats for the production of glycerine and fatty acids, 
the latter being further convertible into soap and candles. The con- 
version of paper into '' vegetable ]5a.rehmentp' of viscose into artificial 
silk, and of starch into glucose for various purposes, arc also processes 
invoh’ing sulphuric acid. Together with nitric acid, sulphuric acid 
is ap])licd to the production of many organic nitro-compounds, for 
example nitrobenzene, dinitrobenzene, picric acid and tlie various 
nitrotoluenes, which are of importance for the manufacture of dyes 
and explosives, and of certain organic nitrates, in particular the mis- 
named nitrocellulose and nitrogiycerine, ^vhicll should more correctly 
be termed cellulose nitrate and glyceryl nitrate. 

The use of weak solutions of sulphuric acid (1 to 2 per cent.) as a 
weed spray has been suggested.^ 

The Sulphates. — Various metliods for the formation of the salts 
of sulphuric acid will be found under the heading of the properties of the 
acid, of its anliydride and of sulphur dioxide : furtlier details may be 
found under tlie description of the sul])hates tliemseh'es in the other 
volumes of this series. 

The 'itorinaJ sulphates usually form weil-defined crystals containing 
water of crystallisation, and frccpaeutly exhibit isomorphism not only 
with one another - but in some eases also with the corresponding 
selenates, tellurates and chromates. They are generally fairly soluble 
in water, tlie chief exce])tions being tlie sulphates of bariumf-^ strontium 
and lead, wliich are commonly classed as insoluble,” and of calcium 
and silver, wliicli arc sparingly soluble. 

Acid salts of the type XiiS 04 . where X represents tlie equivalent 
weight of a metal, are also known, the hydrogen sulphates or “ bi- 
sulphates of the alkali metals being the coiumoncst examples.^ These 

^ Aslander, J. Agric. Bes., 1927, 34 , 1005. 

“ See, e.g., Rctgers, Zeiisch. pltysihaL Ctir./n., 1S91, 8 , 24 ; Tutcon, Zeiidch. Krysf. Min,, 
1894, 28, 131 ; T rcnid. Cheni. Soc., 1S9G, 69, 344 ; Wvi-oubolr, Bull. Xer. chim., 1889, 
[iii.], 2, 501 ; Arzrum, Zcdidch. /vny-O. Min., 1877, i, 165. 

^ To obtain colloidai .solutions of baiium sulpliate, see Lurt, J. Anii-r. rharni. Us'-voc., 
1928, 17 , 454. 

^ Schultz, Ann. Jdiyd. CJicm., 1870, [ii.], 139 , 480. See al.-o Siorienbeker, Btc. Trav. 
cliim., 1902, 21 , 390; I'lecoura, Con) pi. rond., 1903, 137 , 118, 189; Colson, Ibnl , 1903, 
136 , 366 ; Hollard, Bull. Soc. chin/., 1906, [ni.j, 35 , 1240; dCAns and others, Ber., 
1906, 39 , 1534; Zeiiscli. anorg. Chon., 1907, 53 , 149 ; 1909, 61 , 91 ; 63 . 225, 22S, 231 ; 
Holmes, Trans. Chon. Soc., 1907, 91 , 1606 : Arzalier, Conipf. /end., 190S, 147 , 129 ; 
Berguis, Ztiiscli. jjhy.AlaJ. Cho/i., 1916), 72 , 338 ; van Dorp, ibid., 1913, 86 , 109 ; iOlO, 73? 
284; Pascal and Ero, Bull. Soc. chim., 1919, [iv.], 25 . 35; Doininik, F/zo/iysl Chon., 
1921, 5 , 10, 37, 631. 
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give acidic aqueous solutions, due to partial con^•c^sion into the corre- 
sponding normal siilpliate and sulphuric acid, or in other words, to 
the further electrolytic dissociation of the IISO./ ions. Lender suitable 
conditions acid su]|)hates (‘ontaining additional molecules of sulphuric 
acid ' can be obtained : for example, the following exist : XaoSO,i.2HoSO.i, 
2Xa2SO.i.9n'oSOj, KoSOj.alioSCXi, BaSO.i.2l-I.,SO.j. Viscosity measure- 
ments of aqueous solutions of normal ammonium sul]diate, sulphuric 
acid, and ammonium hydrogen sulphate, indicate that the formation of 
the acid salt is accompanied by an increase of interna,! friction.- The 
appreciable solubility of the sulphates of Icad,'^ barium and strontium 
in concentrated sulphuric acid probably is also due to the formation 
of acid salts, wliicli on dilution of the acid undergo decomposition into 
sulphuric acid and the original insoluble suljihate. Vr hen heated, the 
alkali liydrogen sulpliates undergo dehydration into the corres]mnding 
pyrosulphates, iiirther lieating then causing decomposition into normal 
sulphate and suljdiiir trioxide (see p. i47) : the liydrogen sulphates of 
tlie other metals yield normal sulphates directly. 

Br/sie sulphates arc obtained when tlie normal suljihates of antimony, 
bismuth and mercury are treated with water, sulpliuric acid being pro- 
duced simultaneously. These salts are insoluble in water. Many other 
metals, for example coppery aluminium and tin,'^ yield precipitates of 
basic sulphates on tlie addition of alkali to aqueous solutions of their 
normal sulphates. 

The normal sulphates show a marked tendency to the formation 
of double salts, ^ the best known case being th.at of the alums, which 
are isomorplious compounds of the general formula 310(804)3. X0SO4. 
24I-LO, where 31 and X represent a teiu'alent and univalent metal, 
respecti\'cly ; in aqueous solution these double salts are almost entirely 
resolved into the ions of their constituent salts, ^ recombination taking 
place as the solution crystallises. Double salts are also formed by tlie 
crystallisation of fused mixtures of anhydrous sulphates, tlie freezing- 
point curves suppl3’ing evidence of the occurrence oi‘ combination 
between the constituents.^^ 

Certain lialogen salts appear to be isomorplious with jiotassium 
sulphate and able to form alums’’ with aluminium sidphatc ; thus, 

1 Kendall and Landon, J. Anier. Chem.. Soc., 1020, 42 , 21.31 ; Kendall and Davidson, 
ibid., 1921, 43 , 979 ; Cambi and Bozza, An/i. Chim. oppL, 1923, 13 , 221. 

- Griinert, (Uiorg. Cht/n., 1925, 145 , 394. 

Ditz and Kanliauser, Zeitsch. dnorej. Che/n., 1916, 98 , 128 ; Davkins and Weldon, 
Proc. Soc. Clicrtn. Ind. Viclurifi^ 1922, 22 , 940. 

Meyer and Friedrich, Ztit.ick, physlkal. Ch.f tn.^ 1922, loi, 498. 

^ Williamson, J. Phij.^-ical Chcnt., 1923, 27 , 7S9 ; Krnyer, J. p'dld. Che in., 1924, [ink, 
108 , 27S. 

^ Williamson, .7. Physical CJicm., 1923, 2'j, 284. 

' Carson, J. Arner. Chera. Soc., 1926, 48 , 906. 

s See, c.g., Etard, Co, apt read., JS7S, 86 , 1399; 87 , 602; Per., 1S79, 12 , 360; Scott, 
Trans. Chera. Soc., 1S97, 71 , 564: Barrc, Compt. r,-,id., 1909, 149 , 292; Padache and 
Warren, Araer. J. Sci., 1908, [iv.], 26 , 342; Zamboniiii and Carobbi, Aft, R. Acrad. 
Liacel, 1924, [v.], 33 , 301. 

Favre and Wilson, Co, apt. rend., 1873, 77 , 909 ; Rudorft, Per., 1882, 15 , 3044 ; Linc- 
barger, Avier. Chem. J., 1893, 15 , 337 ; Wyckoff, Amer. J. Sci., 1923, 5 , 209; kluller, 
Zeitsch. physikal. Chma., 1924, 112 , 161. 

Mallet, Cheira. Ptics, 1899, 80 , 300; Trans. Chera. S(,c., 1900, 77 , 216; 1902, 81 , 
1546 ; Calcagni and others, Gazzetta, 1913, 43 , ii,, 380 ; Aili R. Accad. Lincei, 1910,’ 
[v.], 19 , ii., 242; 1912, [iv.], 21 , i., 483; 1912, [v.], 21 , in, 71, 93; 1913, [v.], 22 ’ 
ii., 373. 
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the salts KoBeF 4 .Al 2 (SO,)o. 24 lioO and K2ZnCl,.AU(SO J3.2-IH2O are 
‘‘ alums/' crystallising in the cubic system, normally as octahedral 

All siilpliates undergo reduction when lieated with carbon, the 
product i)cing the nieta!, metaliic sulphide (u* metallic carbide, accord- 
ino- to tlie salt in {picstion and the conditions of the treatment.- Mag- 
nesium sulphate, however, vdien liCcited with carbon at 750 ' C., yields 
the oxide and free sulphur, the primary reaction being ^ 

IMgSO MgO -f- SO o -r C O, 

sulphur being liberated according to the reversible secondary reaction : 

2CO A SO o:^S A 2CO o, 

CO.,AC-2CO. 

Magnesium reduces anlrydrous sulphates with vigour at liigh tempera- 
tures.^- Reduction to sulphide may be brought about by certain 
micro-organisms in tlic presence of animal fats, the latter being anaerobic- 
ally decomposed during the process.^ 

Although sulphuric acid expels many other acids from their salts, 
it can in a similar manner be displaced from its own salts by heating 
with still less volatile acids such as pliosphoric or boric acid or e\'en witli 
silica or alumina : on account of the high temperature necessary, tlie 
liberated sulphuric acid or aiiliydride is partly decomposed into sulphur 
dioxide. 

At very high temperatures the sulphates of metals sucli as copper, 
zinc, iron, aluminium and chromium tend to lose sulphur trioxide 
(largely in the form of sulphur dioxide and oxygen) and to give residues 
of the corresponding oxides.' Calcium sulpliate is stable up to 1300 ^ C., 
above which temperature it melts and immediately undergoes almost 
complete decomposition with abundant evolution of fumes.*^ Very 
slight decom])osition lias been observed with barium sulphate at 
1800 " 

Additive compounds of the type ?\ISO 1.2IICI are formed by the 
sulphates of those metals tlie chlorides of which do not readily yield 
hydrogen eliloride when treated witli sulphuric acid.^° Tims such 
compounds of cadmium, copper, lead, mercury, sih'cr, tliallium and 
tin have been prepared : the liydrogen ciiloride mav be expelled bv 
heat. 

Molecular Weight and Constitution of Sulphuric Acid. — Allow- 
ing for the ehect of electrolytic dissociation, the behaviour of sulphuric 
acid ill aqueous solution is consistent with the formula lioS04. In the 
vapour state also, allow'ancc lieiiig made for gaseous dissociation, the 

^ Curjei, ^'citure, 1029, 123 , 206. 

- I^.g. see Mourlot, Chim. ISOO, [ vii.], 17 , 510 ; Riesenfeld, J. pnil-t. Che//t., 

102 u, [ii.], 100 , 1 15. 

- Althammer, Kalt., 1024, 18 , 112. 

- ISruckner, Jlonalsh-., 1005, 26 , 675. 

- Seliber, Conipt. rend. Soc. BioL, 1028, 99 , 544; Chcui. Zentr., 1928, 11 ., 1781. 
/rarchal, Coi/ipi. rend., 1929, 188 , 258, 399. 

‘ Wohler, Pliiddeniann and Wohler, Bcr., 1908, 41 , 703 ; Keppeler and d'Ans, Zeitsch. 
■phi/stkal. CJte/n., 1908, 62 , Si) ; OdSullivan, 1914, 39 , 425 ; Hofman and Wan- 

jukow, Zeitsch. Kryst. 2din., 1915, 55 , 111. 

® Budnikov and Syrkin, Chern. Ze.it., 1923, 47 , 22. 

^ Marchal, Bnll. Snr rhrm., 1929. [iv.], 45 , 339. 

Ephraim, Ber., 1925, 58 , [B], 2202 ; 1926, 59 , [B], 790. 
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molecular v,'eight agrees fairly well witli formula, except that at 
temperatures iu the’ncigriboiirliocd of the boiling-point there is distinct 
evidence of partial association into double molecules (see p. 103 ). In 
the liquid state it is nroOa^oie tliat the pure acid is associated, into larger 
molecules, tlie love \'apour pressure anci tiie suriacc tension ^ supplying 
evidence in favour of a liigher molecular weight than H2SO4, which 
rccei^'es coiifirmation from tne ready lormation of ciouolc suljihates. 
It may be assumed that formation of the larger molecules occurs by the 
oxygen atoms acting as links, as expressed in the bimolecular formula 


IIO\ /Ox /Oil 

o=s<" , 

\oH 


which is analogous with the formula already proposed (p. 144) for 
dimeric sulphur trioxide. 

In accordance with the dualistic views of earlier days, the com- 
position of sulphuric acid was at one time exjiressed by the ibrmula 
II2O.SO3, but to-day tlie formula S 02 ( 0 I-I )2 is generally ado^ited, 
commonly with the assumption of sexa\'alent sulphur, so that the 
structural formula is 


O 





The presence of the two liydroxyl groups in the molecule is shown by 
the action of chlorine and of phosphorus ]:>cntachIoridc, wdiich respec- 
tively produce chlorosulphonic acid, IISO^Cl (p. 97 ), and pyrosulphuryl 
chloride, S2O5CI2 (p. 95 ). . 5 Ioreover, both these products with water 
yield sulphuric and hydrochloric acids. Since the alkali alkylsulphates, 
for example C2l.l5O.SOo.OK, do not exist in two isomeric forms, it is 
evident that the two hydroxyl groups are symmetrically placed in the 
molecule. That the hydroxyl groipos are directly attached to the 
sulphur atom may be deduced from sucli transformations as the follow- 
ing : Concentrated sulphuric acid reacts directly with benzene on heat- 
ing to produce benzeuesulplionic acid: tills with pliospliorus penta- 
chloride yields the corresponding cliloride, wliich on reduction gives 
thiophenol, 

cjr^.sOo.oH — > CcH5.sO2.c1 — > Ccii5Sii. 

The latter compound on oxidation again yields the su[j)honic acid. 
Again, sulpliuiud chloride reacts with benzene in tlic jircscncc of alumi- 
nium chloride to give diphcnylsulplione, (0^115)2^02. a compound whicli 
can also be obtained by oxidation of dipiicnyi snlpliide, (C,Tl3).,S. On the 
assumption that the phenyl radicals remain attached to the su]]3hur 
atom throughout tlicse transformations, it is obvious tliat the hydroxyl 
radicals in sulphuric acid must also be directly attaclicd to sulphur. 

The somewhat remarkable fact tliat many suipliates when heated 
retain one molecule of water of crystallisation (calicci '' ivater of constitu- 
tion ■ ') very persistently, whilst tlie other molecules are eliminated with 
relative ease, this phenomenon being observable with cop]i5er, manganese, 
ferrous, nickel, cobalt, magnesium and zinc suipliates, lias led to a 

^ Ramsay and Aston, Trans, Chem. Soc., ]S<n, 65, 170 ; Chc.hi.. Xetr^, 181)0, 79, 57. 
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suggestion that tliesc nioiioliydrates, of the general forniiila MoSO^. 
HoO, are actually to be regarded as acid salts derived irorri a sulphuric 
acid oi‘ ilie constitiitiou O^-S(OIl);. vliich eorresponds witli tlie com- 
])ositioii o[‘ the nionohydrate of sulphuric acidd 

An a!ternati\'e fornuila - for sulphuric aeith namely 



lias L'een suggested as representing more satisfactorily the liydrohdic 
activity oi‘ tlie su])stance, hut the puadri valent oxygen atom appears 
to accord hadiv witli the staliilitv ol‘ tlic acid, as also docs sueli a 

‘ . 0 — on 

formulation as Sy 

^0— OH 

Detection and Estimation of Sulphuric Acid. — The usual dry 
test for a sulphate is reduction on charcoal in tlie presence of sodium or 
]ootassium carl^onatc ; alkali sulphide in the fused jiroduct can easily be 
detected by moistening on a clean sil\'er coin or by tlie a[)plication of 
other suitable tests. 

All insoluble sul])]\atc may be detected by the formation of tiirpeth 
mineral on tlie addition of a 10 per cent, solution of mercuric nitrate in 
dilute nitric acid (1 in 100) : the small yellovr tetragonal crystals of the 
basic sulphate may be identihed microscopically. Tlie reaction takes 
place immediately in tiic cold with calcium and mercurous sulphates, 
less readily with strontium and lead sulphates, wliilst with barium 
sulphate boiling is necessary.'' 

For solutions containing sulphuric acidi or a sul])ha,te tlie reagent 
commonly a;p])liecl is barium chloride, hath wlien tlie test is to be quali- 
tative and vclien vquantitath'c. Precipitation is effected by the gradual 
addition of bpudum cliloride to the i)oiling solution containing a little 
hydroeh.lorie acid, h-ut for tlie ]n-oduction of pure barium sulphate, 
and therefore in order to ensure accuracy, certain precautions must be 
observed.'* Nitrates, |)CTchiorates, ])lios'pliates. tervalent metals and large 
quantities of salts of the edkali metals ('particularly ])otassium) and of the 
alkaline eartli metals are to lie avoided, irs they cause tlie ]wecipitated 
barium sulphate to rje rendered impure by occlusion of otherwise 
soluble substances.'^ Sueli impurities may be accounted for partly by 

1 Ceutlior, isS:g 21S, 2SS ; C’dl-nn, Conipi. rtud.. 1004, 139, SOT. 

- Ai'mstrone aiici A'orlev, Pioi'. lio;/. ]9i4, [A], 90, 73. 

Danises, Bull. Br>c. chlnt., 191S, Tu'- j, 23, 30. 

Consult the various iext-b()f)ks dealing especially with quantitati'ec analysis. 

^ Turner, iVo7. T/o/.s-., JScO, Iig, 207 : Rose, Ami. rhyi. Chcni.. 18()1, [ii.], I13, G27 : 
hlitsehcrlich, -/. prdli. Chan., ISOl. S3, 47o : Frc-Tjoniiis, Zeitsch. anal. Chan., 1S70, 9, 52 ; 
18S0. 19, 56 ; hlarsh, Chan, danm, 1SS9, 59, 300 : Ripper, Zeilach. anorg. CJam., 1S92, 2, 
36 : Richards and ihirker, 'ibid., 1S95, 8, 413 ; Kuster and Thiel, ibid., 1900, 22, 424 ; 
Kiilett and Duschak, ibid., 1904, 30, 196 ; Ihiltin.son, J . Sue. Clicm. Ind., 1905, 24, 7 ; 
vanT Kriiys, Cheni. VVccJcblad, 1909, 6, 735, Kato and Xoda, Mem. Coil. Sci. Eng. Kyoto, 
1900-10, 2, 217 ; von Fellenberq-. Cheni. Zaitr., 1915, ii., 1262 : Winkler, Zeitsch. angeiv. 
Chan., 1920, 33, 59, 159, 162, 287 ; Chatterjee, Zeitsch. anorg. Chan., 1922, 121, 128 ; 
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reaction between the suiphion anci tiic interaicdiate ions ol any ternary 
electrolytes iwe.sent ; ^ tlius, in the presence of excess of barium chloride 


the reaction 


SO,"-|-2BaCr=BaoCl,SO, 


tends to increase the weight of the precipitate, whilst in the presence of 
potassium sulphate the oipnositc effect results from the reaction 

2KSO./-rBa”=BaKo(SO,j)o. 


Another source of error in tins method of estimating siiphuric acid 
appears to be in the formation of the eomj)lcx ion [Ea 3 (SOjg]h the 
potassium salt of vdieh has been isolated/' ^ It is essential that the 
barium cliloride be added slowly, and the precipitate should be collected 
from the hot solution and washed witli hot aqueou.s_ acetic aeid.-*^ 

Various modifications by winch the reaction with barium chloride 
may be subjected to volumetric treatment Jiaye been suggested^ 
Thus the precipitant may be added in excess and suitably back-titrated/' 
Other reagents which may be applied to the volumetric determination 
of sulphuric acid and sulphates arc barium cliromate and benzidine. In 
the case of the former, the solution of sulphate is precipitated by a 
solution of barium chromate in hydrochloric acid ; on subsequent 
neutralisation of the filtrate, a quantity of chromic acid, equivalent to 
the barium suljihatc which has been prccijiitated, remains in solution 
and may be estimated ioclometrically.*’ Benzidine, on the other hand, 
is an organic base which forms a very sparingly soluble suljdiate ; the 
solution of mineral siiljiliatc is treated witli a solution of benzidine 
liydrochloridc and the precipitated benzidine siil])liate removed by 
filtration ; when subsequently susiiended in pure water tlie benzidine 
sulphate undergoes hydrolysis to a sullicicnt extent to permit titration 
of the sulphuric acid with standard alkali.'^ Lead nitrate may also be 

Cittert, Zcitsch. (wal. Cher/i., 1020, 63, 302 ; IVvIov, T krainr Chon. !.i)2G, 2, 303. For 
a micro-voliimeiric mocliiication lor very .small (|ua!Uitie.s of sulpha.Uu see riamburocr, 
Biochtni. Zcitsch., 1916, 77, 168. 

^ Koitliofi and Vogelcnzan", rharni. Wef-tblad, 10 UO 56, 122, 

- Balareli, Zeitsch. ciiiorg. Chain., 1922, 123, 60. 

^ KaraoLrlanow, Zaiisch. anal. Chon., 1018, 57, 77 ; Audlhero, J. Jdiri/in. Ch.ini., 1910, 
[vii.], 19, 206. Sec also Jensen, Analyst, 1!.»28, 53, 136 ; .Xjegovan and Jia rjanovie, Zaifsch. 
anal. Chon., 1028, 73, 27] : 74. 191. 

^ GaA'-Liissac, Ann. Chrm. Phyn., 1828, 39, .337 : Ficliards and l/irkei', h>r. cl(. ; I.anc 
and Allen, T rann. Chon. Sac., 1907, 91, 1370 ; yanigi and Biandii, Ca::::rllf(^ FiOO, 36, ii, 
347 ; Flowden, Chon. Novs-, I91S, 117, 383 ; Van.steenberaer and Baiizil. . ! n/i. Chun. nnaJ. 
1918, 23, 210; Atkinson, AnahjA, .]!)2o, 50, dl.K) ; 1026, 51, 8! ; Moth, Zi-ilnrh. anrjoc. 
Chon., 1926, 39, 1590 ; Schoeli, Ind. Ernj. Chon., 1027, 19, 112. 

See, for example, Koszed, ZoEch. ariuJ. Chem., 1020, 77, 203 ; Bril. Chf-ni Abs 
1029, A, 782. 

Andrews, Amor. Chon. ■/.. 1 S89, ii, .567 ; J . Ainrr. Ch.on. Bto., 1 004, 32, 4 76 ; Quanlin, 
Coniyt. rend., 1886, 103, 402; Bidl. Poc. r.hinu. 18S0-, [ili.], i, 21 : Xorth, A ,nrr. ,/. ^Phann.[ 
1914, 86, 249 ; Pereira, AliOiI. Fo. Q>u/n., 1022, 20, 577. A similar ])roe(‘s,s may be followed 
using lead nitrate and potassium elirornate in {dace oi bu! lum c'lu-omaie; u.7., Li'vol, 
./. jrraht. Chon., 1853, 60, 384: Sclnvarz, 7oit.<rh. anal. Chon., ISO:), 2, ; Oddo and 

Peretta, Cazzeita, 1000, 39, i., 671. See also Briwul. Zoinrh. anory. Cham., 1026, 156, 210. 

' YonhA, ZeiisAi. anal. Clieni., 163; .Mulle?-, Bm., 1002,35, 1587; Zo'lsrh. 

arigew. CJum., 1903, 16, 053: duller and JJurke.s, Zailnch. anal. C'loin., {003, 42, 477; 
Raschig, angew. Chon., 1003, 16, 617, 818; Frii'dlieim and CyColaav' ibid^, 

1907, 20, 9 ; Haber, Chern. ZoL, 1005, 29, 1227 ; Talenti, Oiorn. Chim. Ind. Ayyl'., 1926,’ 
8, 611 ; Viastimil and dalula, Chon. Zdt., 1026, 50, 4S6 : Haase, ibid., 1027, 51’, 637 ; 
Ztiisch. an.gein. Chon., 1927, 40, 595 ; Raschig, ibid., 1927, 40, 804 ; Xvdegcrer, 'chenu 
Zeit., 1928, 52, 318 ; Testoni, Amiali Chim. AjipL, 1928, 18, 408 ., 
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used in tlie presence of alcohol to titrate suiphurie acid, a few drops of 
potassiuni iodide beini>‘ added as indicator. Concordant but slightly low 
results are obtained.^ 

Aiiotlier volumetric jn'occss which has been recommended consists 
in reducing the sulphuric acid or sulphate (excepting barium sulphate) 
by heating with a mixture of hydriodic acid, phosphorus and phos- 
phoric acid, adbsorbing the resulting hydrogen sulphide in a solution 
of zinc acetate, and estimating the precipitated zinc sulphide iodo- 
metricalhe- 

The importance of the determination of sulphuric acid and sulphates 
lies very largely in the fact that sulphur in ^mrious forms of combina- 
tion, and also free sulphur, is frequently determined quantitativeh^ by 
])rimary con\'ersion i)ito sulphuric acid or sulphate, followed by actual 
estimation in the latter form. For example, a convenient volumetric 
])rocess applicable to the Carius method for determining sulphur in 
organic compounds is to neutralise the solution of sulphuric acid after 
removal of the excess of nitiic acid by eva])oration. and then add silver 
nitrate, by which the sulpliate is converted into sih'er sulphate. This 
is separated irom the excess of silver nitrate by ineans of its insolubility 
in alcohol, and is then estimated by dissolving in dilute nitric acid and 
titrating the sih'er with, standard thiocyanate solution.’^ 

For solutions containing sulphuric acid only, direct titration with 
standard alkali, and measurement of the specific gravity, are possible as 
methods of estimation, provided that the process in either case is, if 
necessary, preceded by suitalde dilution (see p. 165). Thermometric 
metliods have also been suggested, depending on the rise in tempera- 
ture wlien the acid is mixed with water, or when titrated with barium 
chloride solution. ^ The water content of the concentrated acid may be 
determined by similar titration with oleum which has been standarclised 
thermometrically by SO per cent, sulphuric acid (see p. 147).-^ 

An electrometric method for determining soluble sulphates consists 
in preci]}itation of the latter by the addition of a measured excess of a 
standard solution of lead nitrate in tlie presence of alcohoh removing 
the lead suljdiate by liltration, washing it with alcohol, and titrating the 
unchanged lead nitrate in tlie filtrate electrometrically with standard 
f e ]T o cy a n i d e s o 1 ut i o n . 

^ Mindalev, Zell-^rh. attaJ. Crutn., 75, 

- Anger and Gabillon, Cotnpt. icud., idll. 152, 4-il. 

^ Frcricdis, Arch. Fhan/i., 1903, 241. 139. 

' Droop Eiclimond and Merrey wether, Analy.d, 1917, 42, 273 ; Dean and Watts, 
J . AriU:r. Ch()}i. Sor., 1921, 46, Sdo. 

^ Somiya, Fioc. Intp. Acad. T'.)]:yo, 1927, 3, 7G ; J. Sne, Chf-rn. lud. Japan, 1027, 30, 
lOG. 

Mailer and MArtheiin, Zdtscli. aiiorg. Cdirnt., 192-1-, 133, 411. For an electrometric 
method of determining small quantities of free sulphuric acid in the presence of sulphates, 
see \ ulquin and Fntat, Ann. Chun., anal., 1917, 22, Gl. For tlie determination of sulphate 
111 the presence of other sulphur compounds, see Kurtenacker and Wolhik, Zeitsch. anal. 
Chern., 1927, 71, 37. For the determination of sulphate in animal and plant tissues and 
fluids, see Gortner and Hoifman, Boi. Oaz., 1924, 77, 96 ; Lorber, ICor hc/n. Zeitsch., 192.7, 
163, 476 ; Denis and Leche, J. J-Jiol. Cheni., 1926. 65, oGl : in wool, see Hirst and King, 
J. 'I'txi. hist.. 192G, 17, 101 T ; Yamazaki, Ball. Che in. Snc. Japan, 1928, 3, 173 ; in water, 
see Zink and Hollandt, Zetf.^rh. anal Chern., 1927, 71, 3SG ; Zaprometov, Bull. U niv. Asie. 
Centr., 1927, p. 91 ; Kehren and IStommel, Chern. Zeit., 1927, 51, 913, 934; Germuth, J. 
Arner. II ater II orhs Assoc., 192S, 19, 607 ; Fehn, dander and Pfundt, Zeitsch. angevj. 
Chun., 1929, 42, 158. 
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PersBlphuric Anhydride, Sulphur Heptoxide, S,0„ (?), 

In 1878. ]Icrt]:o]ot. submittino- n nrixtiirc of snlj^liur dioxide or 
trioxide ^vit]^ excess of oxygen niKier conipressioii to a siknit electric 
discliarge of high. poteiAial. obtained a ]nx)diiet wliicli be regarded as 
sulphur lieptoxidc ; ^ 

4S03-0o=2S.,0,. 

At the ordinary tenpierature this \vas in the form of a viscous liquid 
whieli could be frozen to a crystalline solid of m.pt. 0^ C. Although 
the heptoxide is an exothermic substance vitli respect to its elements/- 
it is endothermic as regards suh)]iur trioxide and oxygen. As might 
he expected, tlierdbre. it is very unstabic. and after a few days gradually 
decomposes into suijduii’ Irioxidc and oxygen, tlic 'process being acceler- 
ated bv rise in tem])cratiirc and also by contact witli ])iatimmi black. 

According to Beithelot the snb.stancc fumed in moist air, owing to 
formation of sulj^iuir trioxide, and reacted vigorously with water with 
partial decomposition, oxygen being liloerated. A portion, however, 
dissolved in the manner of an ordinary acid anliydride, with the pro- 
duction of perdisul])luiric acid, which can undergo iurtlicr successive 
dccom])osition into ])crmonosnl]')huric acid and liydrogcn peroxide.'^ 
Baryta water similarly gives rise to ])ariuTn sulpliatc and ba.rium perdi- 
sulphate. tlm latter being solu])lc in water. 

Sulpluir dioxirlc is oxidised by the Img^stoxule with formation of 
suljilnrric anhydride : 

S,>0,-^-SOo = bSO.. 

Bertliclotb experiments and eonehisions liave not been fully con- 
firmed. however. According to mover and liis co-workers. tlic crystal- 
line ])rodiict deseril'icd is only formed wlicu snl’pliur trioxide is present 
in excess, an.d may be regarded as an c(';uimolocn'ar mixture of sub)hur 
trioxide and sulfnivr fefrorirle. SO,}. Tlicrc is (widcncc that tlic latter 
coin])oiind is produced during tlic oxidation of cold solutions of sul- 
jdiurie acid (•2-:3c molar) or ol' alkali snlpluitcs.^* 

IMaisinp on repeating Bertheioth cxipcriment witli a mixture of 
sulpliiir dioxide and oxygen, obsein ed tiiat the iircssure in tlic discharge 
tube rapidly fell and an opaque solid lormed on tlic walls of the vessel. 
Sometimes an oil was olitaincd. The i^roduct was rchitix'cly stable, 
did not fume in moist air, and dissohxxl in watra- witliout any vigor- 
ous action, forming a strongly oxidising solutiom Ihiiikc l^crthcloks 
product, it was insoluble in sulpluirie acifl. The rc'sidiia! gases in the 
tube garm the reactions of tlic su]])]mte ion. blaisin coneluded that 
tlie product was not the lieptoxidc, nor did its bchaA'iour conform with 
Ivfeyer's ojiinion tiiat it was a mixture of tin' trioxide and tetroxide ; 
he suggested. ]iowe\xir. tiiat it a;ppeared to be a dc'bnite eompoiind of 
com])ositiou wliicli miglit lie regarded as a ndxcxl anhydride 

of jKTniono- and perdi-sulplurric acids. 

^ Bcrthelot, Corn pi. rend., 1878, 86 , 20, 71, 277 ; jX-/-., 1870, I 2, 277. 

~ Eertheioi, Coiijjt. rend., 1880, go, ooi. Giraii, ihid., liMrl, 140, 1704. 

Berthclor, ibul, 1891, 112, 1418 ; Richarz, BV./., 1SS8, 21. IGCl). 

■; -Meyer, Bailioril and Kenkel, Bcr., 1022, 55, [Bg 2029.' 

■' Fiehter and Hnmpert, Heir. Clurn. Acta, 1020, 9, 0u2 ; Fieliter and Bladergroen, 
ibid., 1927, 10, 553. 

7 Maisin, Bidl. Soc. chim. Belg., 1928, 37, 326. 
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Persulphiiric Acid or Ferdisulpliuric Acid, H^SoOg. 

\Vlien cold aqueous sulphuric acid oi' suitable ccaiceritratioii is elcctro- 
Ivscd in a divided cell, a solution of perdisulphuric acid is o’otained at 
the anodeU The most favourable concentration of sulpliuric acid is 
4-5 to 00 per cent., but even vdth tliis the yield is far from qiiantitatix e, 
and, indeed, after a. time further electrolysis actually eifects a decrease 
in the quantity of perdisulphuric acid. If the sulphuric acid is too 
weak the anodic product may be only orcygen, whilst witli too con- 
centrated an acid the 'perdisulpliuric acid will undergo conversion into 
permonosulphuric acid, which decomposes rea.dily. The addition to 
the electrolyte of a few drops of hydrocfiloric acidd or of a solution of 
])erchloric. acid, or of an alka-li })erchlorate,^ has been found to i‘a\'our 
the ibrmation of the perdisulpiiuric acid ; it is aJso advisable tliat the 
platinum anode should be smooth or polished ami not rough or platinised. 

]4y treatir.g the crude solution of perdisulphuric acid v\dth the 
requisite quantity of barium carbonate or hydroxide, the unaltered 
sulphuric acid can be removed and a pure aqueous solution of perdi- 
sulphuric acid obtained.*' 

The ibrmation of the perdisulphuric acid in tlie electrolysis of 
sulphuric acid is due to the coupling together of the discharged HSO^' 
ions at the anode ; it is for this reason that very dilute suq^huric acid, 
which is mainly dissociated into IT and SO,/' ions, is unsuited for the 
electrolytic joreparation. fi 70 per cent, yield is obtained by large scale 
production from acid of strength 500 grams per litre. ^ 

Perdisulphuric acid mav also be isolated by allowing wcli-coolcd 
chlorosulphonic acid to react with a semi-molecular proportion of 
anhydrous hydrogen peroxide : ^ 

HO.OI-lA2Cl.SOo.OH=HO.SOo.O.O.SOo.OH-f2lICl. 

This result is important as pro\’iding clear demonstration of tlie ])er- 
oxidic structure of perdisulphuric acid. Caro's acid may be used in 
place of hydrogen peroxide : 

I-IO.O.SO,.01IaC1.SG,.OII=1I:O.SO,.O.O.SOo.OII+IIC1. 

The hydrogen cliloridc is removed by keeping in a desicccitor under 
reduced pressure, when the required acid remains as a mass of white 
crystals. 

The Ferdisuipliates. — A similar process to tlie electrolytic })repara- 
tion of perdisulpiiuric acid is possible for the preparation of the ]ier- 
disulphates. The corresponding alkali hydrogen sulpliate or a mixture 
of the normal sulphate and sulphuric acid in cold aqueous solution 
is electrolysed in a cell so arranged that the anode and cathode are 

^ Bertlielot, Conipt. rctid., 1S78, 86 , 20 , 71 ; Ro*., 1870, 12 , 274. 

- Petrenko, J. BiiSd. Phij.s. Chem. Soc., 1904, 36 , lOSl ; Pacharz, *1////. Phi/6. Cheni., 
ISSo, [ill.], 24 , 1S3, 8 ee also Moklenhauer, Zeltsch. EleUrodicm., 1904, ii, 307 ; Muller 
and Schellhaas, ibid., 1907, 13 , 247 ; Muller and Einslander, ibid., 1912, 18 , 742. 

^ Mazzucchelli, Gazzetla, 1924, 54 , 1010 ; Mazzucchclli and Romani, ibid., 1927, 57 , 
574. 

^ Bcrthelot, Compt. rend., 1891, 112 , 1418 ; Elbs and Sendnherr, Zeifncli. Klctiroitchn. 
and EleJctrochein., 1S94, 2 , 244, 417, 408 ; Ricliarz, Ber., ISsS, 21 , 1009 ; McirshdU, J. Soc. 
Chem. Ind., 1897, 16 , 390 ; Stark, Zciidch. 'phl/’Sihil. Chem.. 1890, 29 , 3S5. 

2 RW/7M Pnk/P, 265141 (1920). 

^ dkkiio and Eriedoriok, Btr., 1910, 43 , 1880. 
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seoarated bv a i3orous diaphragm, i or at least arranged so that the 
eathode ouses shall not pass near the anode ; a convenient experi- 
mental apparatus is represented in the diagram (fig, iS). The yield 
of alkali oerdisulphatc is increased *‘1" presenee oi nickel sul- 
Dhate aluminium sulphate.'^ alkali lluonden potassium tiiiocx aiiatc or 
^ ’ potassium ferricyauide in the 

electrolyte, and also by the 
application of a high current 
density at the anode, which 
should therefore be as small 
as is convenient. A platinum 



Pjq — Apparatus for Prcparaiioii of 

Perdisulphates. 


this should be of smooth metal ; 
electrodes of aluminium and tin 
liave also been recommended.' 

As ill the electrolytic forma- 
tion of pcrdisulphuric acid, tlie 
first anodic product is the dis- 
charged HSO4' ion, which by 
cou})ling then gives rise to per- 
disulphuric acid. If the metal 
perdisnlphate is less soluble than 
the acid sulphate, it crystal- 
lises from the solution ; this is 


the case in the electrolysis of a concentrated solution of potassium or 
ammonium hydrogen sulphate,^ the changes in the case of the latter salt 
being as follows : 

HSO„/-:-©=HSO„ 

2l-iSO.i--IioS.Os, 

H pS .Ps - (XH 4 )HSO , - (Ai-r 4 ) oS ,0s -f 2 H ,S0 1 . 


Ammonium perdisulpliatc has also been prc])arcd by passing lluoriiie 
into a cold saturated aqueous solution of aimnoiiium hydrogen sulpliate ; 
ozonised oxygen escapes as oxidation proceeds and crystals of the per- 
sulphate slowly separate. 

The perdisulphatcs of the alkaline cartli metals may be prepared by 
grinding together, with a little water, inoleeular pro]3ortious of the 
metal oxide^^and ammoiiiimi ])erdisuip]uxtc,i^ and drying the mixture in 
a vacuum. The resulting mass is carefuily powdered and the metal 


1 Marshall, TraH'S. Chem. Soc., 1891, 59, 771 ; J. Sue. C/iOii-. 1897, 16, IMO ; Pcrtlie- 
lot, Coinjjt. revd., 1892, 114, 875 ; Forster and .Sniitli, J. Auic-r. Clittn. Aoc., 1899, 21, 934 ; 
Haber and Klemenc, Zedsch. Elcktrochevi., 1914, 20, 485. 

- Miillcr and Priedberger, Zeilsch. Elcldrocfietn., 1902, 8, 230. 

^ Marshall, loc. at. 

^ Konsortium f. -Elektrocbcm. Ind., Goiaan Pafeut, 155805 (1905). 

^ Veremigte Chem. Werke Aktiengesellsehaft, Ger/nan PaittU.<, 2050G7, 205008, 2O5069 
(1907) ; Schall and Andricli, Clieni. Zeit., 1912, 36, 645 ; Hlumer, ZtiUck. Pltldfuckein., 1911, 
17, 965. 

Marshall, loc. dt. ; Levi, Ztiiach. EleldrorJu-ni., 1903, 9, 427. 

" Bayer A Co., Gorman Patent, 271642 (1914). 

® For optimum conditions for the electrolytic: preparation of amnioniuni perdisulphate, 
see Salauze, Bull. Soc. chim., 1923, 33, [iv.j, 1738. jSec also Es.siri and Ivrylow, Zetisch. 
Ehktrochera., 1927, 33, 107 ; 1928, 34, 758. 

^ Fichter and Humpert, Helv. Chim. Acta, 1926, 9, 4G7, 521, G02. The action of 
fluorine on KoSOj and KHSO^ is also described. 

Erdeiibrecher, Chem. Zdt., 1924, 4S, 189. 
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Derdisulpiiate extracted by solution in absolute alcohol, from which it 
may be obtained by tiic addition of absolute ether, or by evaporation 
in a vacuum. 

Physical Properties of Perdisulphuric Acid. — Pure perdi- 
sulpliuric acid, prepared as described, is a hygroscopic crystalline solid 
wliicli melts near 05" C. witli partial decomposition. It gTadiially 
decomposes at tlic ordinary temperature vritli liberation of oxygen. 

When dissolved directly in water the reaction is sufficiently A'igorous 
to cause partial conversion into permonosulphuric acid ; if, however, an 
ether solution of the acid is placed on cold water, tlie process of dis- 
solution in the water occurs more gently and an aqueous solution of 
perdisulphuric acid is obtainable from which the potassium salt can be 
obtained by careful neutralisation. 

Like the so-called '' sulphur heptoxidc/' the acid is exothermic with 
respect to its elements but endothermic as regards its decomposition 
products, sulphuric acid and oxygen. 

Chemical Properties. — chemical properties of perdisulphuric 
acid arc inferred mainly from the behaviour of its salts ; these may be 
derived not only from the various metals but also from organic bases, 
quinine, for instance, yielding an acid j^erdisulphate, CooHoiOoN.,. 
II2S2OS, and a normal perdisulphate (C2oH2;02N2)2*^2S20s? both 
crystalline solids.^ Strychnine perdisulphate is so sparingly soluble in 
water that ammonium perdisulphate has been suggested as an antidote 
for str3mhninc poisoning. 

The metal perdisulphates are all fairly soluble in vrater, those of the 
alkali metals, including ammonium, being more stable than the free 
acid or other salts. All the salts, however, tend to decompose xevy 
slowly ^vhen dry and protected from sunlight, and inore rapidly in 
solution, espccialh’- on vrarming, giving rise to the corresponding sul- 
phates togetlicr with sulphuric acid and oxygen.- The decomposition 
of the salts in aqueous solution is a unimolecular reaction ; ® platinum 
black slightly accelerates the decomposition, as also do alkalis, nitrates 
and phosphates, whilst acids liave a marked elTect. altliough no auto- 
catalysis occurs during tlie decomposition of a perdisulphate if tine metal 
forms a soluble hydrogen sulphate, since the IlSO,/ ion exerts no marked 
effect : 


2S.JJ^"-r2l±.p=mSOi^Oo. 

With aqueous barium perdisulpiiate the decomposition is at first 
catalysed by the formation of free su[})huric acid : 


S.0s''4-Ho0=2HS0/ + ^0o, 
2:Ba' A'dllSO / = 2BaSO 


but when the reaction lias gone half-way, all the barium has been 
precipitated and the reaction becomes approximately unimolecular.'^ 
The decomposition of the alkali perdisulphates in aqueous solution 
is retarded by the presence of added alkali sulphates. The influence 


^ Woliienstein andWoltf, Re/'., 1904,37,3213 ; 1908,41,717 ; also Fosse and Lertrand, 
Compt. rend., 1904, 139, 600; Vitali, Boll. Chirn. Farm., 1903, 42, 273, 321. 

- Baeycr paid V'illiger, Ber., 1901, 34, S56 ; Vitali, Boll. Cliirn. Farm., 1903, 42, 273 ; 
Elbs and Neber, Chtm. Zeif., 1921, 45, 1113. 

^ Tarugi, Gazzelia, 1902, 32, li., 3S3 i.evi ami Higiiurhii, ibid., 1906, 36, ii.. 509. 

^ Green and Masson, Trans. Chern. Soc., 19i0> 97, 2083. 
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of neutral sulphate is greater than that of hydrogen sulphate A and the 
sodium ion appears to retard the decomposition clothe irc-raisulpliate ion 
to a sinallcT extent than the potassium ion. Tins observation is in 
accordance with the fact that increasing concentration of added sodium 
hvdroxide accelerates the decomposition of sodium perdjsul|)hate to a 
greater extent tlian similar addition ci })otassium Irydroxicie.- 
^ On account of the effect of acids on the rate of decomposition, 
aqueous perdisuipliuric acid itself decomposes much more rapidly than 
aqueous solutions of its a.llvaii salts : in tnc lu'csence oi^ cold suipnuric 
acid of about 40 per cent, concentration, percUsiUpliuric acid and its 
salts give rise to permonosulphunc a.cia, vrhicli subsequently aecoinposes 
into sulpliiirie acid and oxygen or liydrogen irercxide.^ This fact is 
made use of in the tcclmica] production of iiydrogeir peroxide, the 
process consisting in distilling' eitner tnc s<aiiitioe. oi pciCiisulpliuric acid 
obtained by electrolysis of sidprlniric acid, or a mixture of potassium 
perdisulphate and dilute sulphuric acid. 

'Aqueous hydrogen jreroxide also causes il'ic liberation of oxygen 
from perdisulphate solutions, jrrooaory on account ol interaction with 
Caro's acid first formed," Tlie reaction is considerably retarded by the 
presence of acid. 

The perdisulphates of the alkali metals and ammonium crystallise 
in the anhydrous condition and wiien lieated alone undergo decom- 
position with formation of sulphate, sulphur crioxide and oxygen : 

2K,So08=-2KoSO,-2SOo-:-0,. 

The ammonium salt is less stabic than tlic ])otassiuni salt. Rapid 
decomposition docs not take place even in the presence of 10 per cent, 
of organic matter. Barium and lead })erdisub)liatcs contain water of 
crystallisation and tlierefore on decomposition yield sulphuric acid in 
place of sulphur trioxidc. The perdisulpliatcs of tlic licaviei' metals 
also form addith'e compounds witli ammonia, for example ZnSoOg. 
4 XH 3 and CdSoOg.GXHg, and even vvitli organic liases.^’ 

Oxidising Properties . — Both acid and salts are ciiaracteriscd by great 
oxidising power. Manganese, lead, nickel and cobalt salts in aqueous 
solution in the presence of alkali arc oxidised to dioxides.'^ hletallic 
silver and sih'cr nitrate react with sodium or potassium 'r>erdisulphate to 
form a peroxide containing more oxygen than Ag.^O.^ ; some sul]:>hatc 
is formed and at the same time the acidity of the solution increases. 
Ammonium ]jcrdisuh)]iatc does not gh'c sii\ei' peroxide but is itself 
oxidised to nitric acid. Possibly oii account of the instabiiity of silver 
perdisulphate, the presence of a silver salt greatly increases the oxidising 
activity of the alkali perdisulpliatcs. 

^ Kailan and Olbrich, Monatsli., 1U27, 47 , 74!i ; Xallan and Lca.sek, ibid., 1928, 50 , 403. 
Cf. Green and Hasson, loc. cit. 

“ Kailan and Lcisek, loc. cit. Cf. Levi and MLIioiini, /or. ctl. 

^ Baeyer and Villiger, Ber.. 1901, 34 , SdO ; .ladme, Z/ if.^ch. anoirj. Chtin., 1920, 112 , 97. 

" Palme, loc. cit. • Friend, Trans. Chcin. Boc., 1 900, 89 , 1092 : Kastle and Loevenhart, 
Ajiier. ChcTii. J ., 1903, 29 , 563 ; Price, Bcr., 1902, 35 . 291. 

^ Agde and Alberti, Cheni. Zed., 1928, 52 , 229. 

^ Barbieri and Calzolari, Zeifsch. anorg. Cheni., 1911, 71 , 347. 

' Marshall, Cheni. Xeu's, 1001, 83 , 76. 

s Higson, Trans. Chern. Soc., 1921, 119 , 2u4S. See also Anslin. ibid., 1911, 99 , 262; 
Levi, hligliorini and Ercolini, Gazzeita, 1908, 38 , i., 583 : Tarugi, ibid., L902, 32 , n., 383 ; 
Marshall, yVor. Toy. Soc. Edin., 1900 , 23 , 168; J. Soc. Chun. hid., iS97, 16 , 396: also 
King, J . Arner. Chun. Soc., 1927, 49 , 2689. 
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Chlorides, bromides and iodides in soluticn are gradually oxidised 
with formation of the Imloiren element, tlic oxidation in tiie case of 
iodides extending even to Unc }n’odiicti(m of ioclate. In the presence 
of dihite nitric acid even silver cliloridc. bromide and iodide undergo 
nartial oxidatioii to the corresponding lialogenatcs, wliilst a small 
qiiaixtitv of a silver salt so aids the oxidising process that soluble 
chlorides and bromides also are to some extent converted into the 
halogenatcsU The oxidation oi‘ iodides to free iodine is accelerated 
in a marked manner ])y {paite minute ([uantities of ferrous or copper 
salts.- and also t)y tlie presence of gelatin.*^ lodates arc further partially 
converted into p;ericdatesn" 

In aqueous solution, manganous salts are oxidised to inanganese 
dioxide.'’^ and if silver nitrate is present as catalyst, to permanganate ; 
the latter change constitutes llar^lfall's rcaclioi}. Chrromium solutions 
in a similar manner give rise to cbivnnatc,' e\'cn without a catalyst. 
Ferrous and ceroiis salts are converted into ferric and ceric salts, respec- 
tively. and ])]iosphites arc oxidised to j^liosphatcs. 

Tlhosulpliates are coiu'erted into tetratriionatcs, or if excess of thio- 
sulphate is used, into trithionates (sec p. 214 ) : 

MoS,08-2jIoSo03-2jihS0,i-bLSi0,. 

Consequently, the use of potassium perdisul})!iate lias been suggested to 
effect the removal of sodium tliiosulphate from jdiotograpliic negatives 
after fixingU ® 

Almost all the metals, with the exception of gold and platinum, are 
attacked by aqueous perdisulphate solutions, the metal giving rise to 
undissolved oxide or dissolving.^^ Iron. zinc, cojiper, cadmium, nickel, 
cobalt aiid magnesium all ])ass into soluticn, the last-named vigorously. 
In no case is any consideralilc quantity of liydrogen e\'ol\'ed. The 
presence of ammonia is advantageous in certain cases, especially that 
of copper. By dissolving the respective metals in cold aqueous solu- 
tions of alkali iierdisulpliates the foilowing doidole salts liave been 
obtained : H(BO)o(S02.0 )o.gHoO, where ll=^K or XII4. and M — 

Mg, Zn, Cd, Fe", Xi or Co ; also }:I(Xa0).>(SG2.0).2.4H20. where 
M=r>Ig, Zn. Cd or Fe”. In tlie case of manganese, eliromium, molyb- 
denum, selenium and arsenic, solutioi:! occurs with formation of the 
corresponding acidic radicals.^^ 

XTt only is platinum unattacked by })erdisulpliates, but it only 

^ Dittrich and Boiicnbach, LVv., lliO.'), 38, 74-7. 

- Fcdcrlin, Zf it<ch. 'jjhu.siJ:aL Chom.. ]902, 41, 5(0.* ; Price, ibid., iSUS, 27, 474. 

^ Rawlina and Glassett, J . Phy.-ic'il CJir'in., idd”), 29, 414. The kinetics of the rc*action 
between ]3ersulpiiate and iodide have been studied by von Kiss and von Zombory, Bee. 
Trav. chi}/!., 1927, 46, 225 : 1929, 48, 508. 

' iMLilier and Jacob, Zeif^ch. anoeg. CJict/i., 1913, 82, 308. 

^ Marshall, Chern. Acevs, 1901, 83, 7G ; Dittrich and Pla.ssel, Per., 1903, 36, 284, 1423. 

hlarshall, loc. cit. ; Siehinann, J. A /an-. Ch /;-. S/jc., 1902, 24, 1204. 

’ Dakin, J. Soc. Che.//}. I /id., 1902, 21, S43 ; Yost. J. A/nc/-. Cltr/n. Soc., 1926, 
48, 152. 

^ See, however, iMarsiiall, iZ’/'u/o-. Bdi//. Bhol. Boc., 1902, 2. 117 ; Clark, B/-it. J. 
Phot., 1927, 74, 121. See also Hiason, Phot. J ., 1921, 61, 237. 

° Marshall, J. Soc. Che/n. Bid., iS97, 16, 396. 

Aschan and Petrelius, Fi/uPa Key/ihisaitiJ. Aledd., 1928, 37, 40 ; Che//i. Zc-ntr., 1928, 
ii., 1866. 

Levi, Migliorini and Ercolini, Gazzeda, 190S, 38, i., 583 ; Tariigi, ibid., 1903, 33, i., 
127 ; Turrentine, J. Physical Chti/i., 1907, ii, 623. 
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slio'htlv influences the rate or decomposition oi tliesc salts or of free 
perdisulphiiric acidE 

Ammonia in aqueous solution is vigorously oxidised to nitrogen by 
pcrdisulphates in the ]3resencc of silver nitrate - or copper sulphate.'^ 
In the latter case the ammonia is lirst oxidised to nitrous acid, and the 
decomposition proceeds, as heat develops, according to the scheme : 

2NH3-f30o-=2lIX0.-h2Ho0, 

2XPl3i-2llX02-2XH4XOo, 

2XI-r,XOo=4HoO+2X2. 

In an aqueous solution containing ammonium perdisulphate only, the 
ammonium radical is graciually converted into nitric acid, this reaction 
explaining vhy the decomposition of ammonium perdisuljdiate diverges 
somewhat from the simple unimolecular course (p. 183). Hydrazine 
in aquecjus solution, prepared by the addition, of an alkali to hydrazine 
sulphate, is similarly oxidised to nitrogen by perdisulphates : ^ 

2K2So08ANoHrAdK01I = 4JvoSO,-hX2“4noO. 

I\Iany organic substances are oxidised by the perdisulphates. 
Potassium cyanide in the presence of ammonia is converted into urea,'^ 
due to tlie primary formation of potassium cyanate, which then under- 
goes change into urea by way of ammonium cyanate. Potassium 
ferrccyanide when heated with a perdisulphate yields a mixture of 
hydrogen cyanide and cyanogen.” Ethyl alcohol when warmed with a 
perdisulphate rapidly forms acetaldehyde.^ Certain benzene deriva- 
ti^■es undergo oxidation, sometimes with formation of coloured 
products,^ colour reactions being exhibited by jj-aminoi)henol, p- 
phenylencdiamine, a- and q-na])hthols. and diaminophcnol : occa- 
sionally, as with quinol, the oxidation process is found to be accompanied 
by the introduction of sulphur into the molecule. In acid solution, 
aniline is oxidised to aniline black. On the other hand, many of the 
natural organic colouring substances are bleaclied by tlic perdisul})hates. 
Oxalic acid, as might be expected, gives carbon dioxide ; the reaction 
is very sensiti^'e to the presence of silver ions, being accelerated to a 
greater degree than would be expected from the influence of silver on 
the reaction with other reducing agents. 

Molecular Weight and Constitution. — The electrical conductivity 
of aqueous solutions of potassium perdisulphate supplies distinct 
evidence of the dibasicity of the corresj^ending acid.^“ This is confirmed 
by molecular weight determinations made by the cryoscopic method 

^ See also Price, Ber,, 1902, 35 , 291. 

- Marshall, Proc. Roy. Soc. Edin., 1900, 23 , 16:3 ; Kcnqjf, Btr., 1900, 38 , 3972 ; King, 
J. Amer. Ckem. Soc., 1927, 49 , 2689. 

^ Scagliarini and Torelli, Gazzetta, 1921, 51 , ii., 277. 

Marshall and Inglis, Proc. Roy. Soc. Edin., 1902, 24 , 88 . 

5 Pannain, Gazzetta, 1904, 34 , i., 500. Tarugi, Gazzetta-, 1902, 32 , ii., 383. 

■ Bellucci and Ricca, Atti I. Congr. naz. Chim. pur. appl., 1923, p. 400. 

Wmsiatter, Bcr., 1903, 36 , 1828. •' Xamias, L'Orosi, 1900, 23 , 218. 

Caro, Zeitsch. aagevj. Cheni., 1S98, ii, 845. .For other organic oxidation effects, see 
Austin, Trans. Chcni.Soc., 1911, 99 , 262 : Marshall, Proc. Roy.Aoc. Edin., 1900, 23 , 168 ; 
Marshall and Inglis, ibid., 1902, 24 , 88 ; Elbs, Zeitsch. angetc. Chern., 1S97, 10 , 195. 

King, loc. cil. 

^ Marshall, Trans. Ckcrn. Soc., 1891, 59 , 771 ; J. Soc. (Jhern. IncL, 1897, 16 , 396 ; 
Lrcdig, Zeitsch. 'physihal. Cheni., 1893, 12 , 230 ; Moeller, t.bid., 1893, 12 , 555 ; Loewenherz, 
ihid., 1895, 18 , 70 ; Cheni. Zei-t., 1892, 16 , 838. 
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with solutions oi‘ the salt in water ^ and also in fused sodium sulphate 
deeahydrate “ (Xa^SO i.lOHoO), which give results agreeing with a 
molecule KoSoO^. Direct evidence in favour of tliis formula is also 
fortheoming from the synthesis of perdisulphuric acid by the sulpliona- 
lion of hvdrogen peroxide (p. 181 ). This svntlictic reaction also pro- 

O O 

1] ii 

A'ides convincing evidence of the constitution PIO.S — O — O — S.OIT, 

o 6 

tlie ])robability of which had been realised much earlier ^ and whieh 
represents perdisulphuric acid as derived from hydrogen peroxide by 
the substitution of a sulphonic acid group, —802.011, for each hydrogen 
atom. 

Detection and Estimation.— TTic oxidising properties of perdi- 
sulphuric acid and its salts render detection easy ; distinction from 
hydrogen peroxide can be made by means of ehro^nic or permanganic 
acid or a sulphuric acid solution of titanium dioxide, towards all of which 
perdisulphuric acid is inactive. Strychnine nitrate is a com'cnient re- 
agent for the perdisulphates, giving a precipitate of strychnine perdisul- 
phatc, (C2iTl22^2^'^2)2-^2S2^8*^'^2^5 wliicli at 17 ^ C. dissolves in water 
to the extent of only 0-04 gram (calculated as anhydrous salt) per 
100 c.c., although it dissolves more readily in acids.- Various colour 
reactions are also a\'ailable ibr the detection of perdisulphates ; guaiacum 
tincture gives a blue coloration : " aniline sulphate with a neutral 
solution gives a crystalline orange-brown precipitate which dissolves 
in hydrochloric acid to a yellow solution, the colour changing to \dolet 
on heating ; ^ a 2 per cent, solution of benzidine in alcohol gives a 
perceptible blue colour even with solutions containing only one part of 
perdisulphate per million, a yellow coloration or yellow precipitate being 
obtained with stronger solutions. 

The most generally trustworthy procedure for tlie estimation of a 
perdisulphate is to boil the neutralised solution for half an hour and then 
measure the resulting acidity ; the method may be modiiied by the 
successi\'e addition of a neutralised solution of hydrazine sulphate and 
of a known \'oluine of standard alkali hydroxide, when the sulphuric 
acid first produced during the course of the reaction 

2K2S208+X,ii5S0,K-f5K0I-I-:X2-5K2S0j-f5H20 

can be determined by titrating the excess alkali.' In the latter method 
methyl orange must be used throughout as indicator, and it will be 
noticed that the resulting acidity is greater than in the case of the 
simple decomposition of the perdisulphate, 

2K oS .Og +21-100 - 4KHS0.1 + O o. 


^ Moeller, loc. cii. ; Loewenlierz, loc. cit. ; Berthelot, Co/tipt. rtitcL, 1892, 114 . 876. 

“ Loe\venlierz, loc. cit. 

^ Traube, Ber., 1892, 25 , Ob ; Molikov and Pi^isarjewski, Zeitsek. unorg. Che/n.y 1898, 
18 , 59. 

Vitali, Boll. Chhn. Fann.y 1903, 42 , 273, 321. 

^ Caro, Zeilscli. angcic. Chem., 1898, ii, S45. 

^ Vitali, loc. cit. ; Tarugi, Gazztttu, 1902, 32 , 11 ., 383 ; Mane and Brunei, Bull. Boo. 
cliiin., 1903, [iii. |, 30 , 930. 

' iliniiui, Atti li. Accad. Lijiccl, 1906, [v.], 15 , 11 ,, 320. 
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on account of the acid previously conibineci vvdtii the liydrazine. As 
has alrcadv been ]nentioncd, the decomposition of ammonium perdi- 
sulpliate is not wholly of the type repixsentcd ^ in tiie^ last equation, 
the ammonium radical undergoing |)artiai^o:vidatK)n, and if it is desired 
to examine ammonium perdisulphate by tlie first metliod, a measured 
excess of standard alkalmnust be added at tlie conimeiicemcnt in order 
to coiiA'ort tlie ammonium salt inro rlic ^iiore staole sait oi an alkali 
metal A 

Oxidation processes involving tlie subsequent titration of an excess 
of ferrous suipliatcd oxalic acid (in the presence of silver sulphate as 
catalvst)d titanous diiorider' or of tne quantity of iodine liberated 
from potassium iodider' are also avanabic but arc less satisfactory. In 
the last-named method a large excess of iiotassium iodide is necessary 
to obtain coirnpletc rcactivun in a siiort Lrmc. ilic reaction may be 
accelerated by the addition ci potassiu-ii eliloricie or ammonium 
chloride ; with, 20 per cent, oy weiglit oi tlie latter salt ]3resent a large 
excess of the iodide is not necessary and tiic liberated iodine may be 
titrated after fifteen minutes.' 

It may be remarked that altliough perdisuljihatcs alone in acid solu- 
tion do not aiiect potassium permanganate, tliey interfere \vith the 
titration of hydrogen peroxide by this reagent, a portion of the })croxicle 
being destroyed by the perdisuipliate.'^ To cstinnate the total active 
oxygen in mixtures of perdisulphate and hydrogen peroxide, gasometric 
methods arc most suitable, or tb.e iodonietric metliod may be used, the 
mixture being kept below 2Vr C. and out of the direct rays of the sun, 
and the liberated iodine being titrated alter twciity-four hours. 

The main application of the perdisulpiiatcs is in analytical chemistry ; 
other directions in wliieh tliey find use are mentioned under the descrip- 
tion of their properties. Because of tiicir oxidising and bleaching 
action they are used in the textile and dyeing industries, and for bleacli- 
iiig soap. They are also used for deodorising wliaic and lisli oils and 
animal fats in order to render them suitable for soap making. 

Pernionosiilpliuric Acid or Caro’s Acid, KhSO-. 

Preparation. — (i) From FerdisnlpJiafc ^. — in i87’8 Berthclot noticed 
that the solution obtained by adaing sidjhiur licptoxide (p. 180) to 
water oxidised potassium iodide almost instantaneously, and in 1889 
Traubc obserx'ed that an c-cetrolysed (anodic) solution of sulpliuric 
acid possessed tiie saiUc property, wliicli he attritnitcvl to the jirescnce 
of a super-oxide {cj'. p. 180). The reaction witli ])o1:assium iodide 
cannot have been due to j)C]‘disulphurie acid, because this liberates 
iodine quite slowly. In 1898 Caro obtained a, similar oxidising solution 

^ Tarugi, loo. cil. 

- Le Blanc and Eckiiardl, ZelLsch. Zlc/druchtiu., iS'JS, 5, .‘idl, 

^ Ivempf, Re/'., 1905, 38, 39G5. 

Ivneclit and Hibbert, ibtd., p. oo2d. 

^ Hondoii'o, Clitm. Zeit., 1899, 23, b9;) ; Xainna^, L'Orodi, 1900, 23, 21 S ; Peters and 
bloody, Amer. J . Sci., 1901, [iv.], 12, 3(37. 

^ von Zomboi'y, ZtiUch. a/ial. Chci/i., ]928, 73, 217. 

’ 8 cli wicker, ibid., 1928, 74, 4.33. 

^ nrieiid, 'I rans. CJctni. Sue.. 1900, 89, l0i)2. Sec also i.k'innain, ( OizzeUn , .1904, 34, i., 
oOU ; Scagliarini and Torclli, ibid., [92i, 51, ii., 277, for siinaested easonielric mctliods. 

Lubarski and Dikova, J. Ru^s. rf/?/s. Chcin. Sor.^ ]928, 60, 735. 

Tratibe, Bcr., 1889, 22, 1518 ; 1891, 24, 1764 ; 1892, 25, 95. 
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bv th(‘ action oi' cold concoj-tratcd siiljduiric acid on aninionium perdi- 
siil]d:ate." 

In aii tiic forc^v'in^ cases tiie llrsr ]n'(;diict is perdisiilpinn-ic aci(L but 
this tends to inulerpo liihjnolccular clninpc. wldc': is preatly accelerated 
bv the jjrcsciu'c of excess oi sulphuric acid, vith Ibrination of pcrinono- 
sulidiuric acidh frequently called Caro's acid : 

HO.SOo.O.O.SOo.OHd-HoO-HO.SO..O.On-hHoSOi. 

Wlietlicr tlie solution obtained by the electrolysis of sulpliiiric acid 
vill straightv’ay contain, pernioncsulphuric acid or v.'ill only develop it 
on keeping is dependent on the concentration of the acid present. 

The usnal nielhcd of prenaration consists in intimately mixing 
]K)tassiiim (;r ammonium ])erdisul]:>hate v/itli approxiiiiately twice its 
weight of eoneentrated suiphurie acid at alxmt —10' C. : alter kccinng 
iV'r one liour, tlie mixture is diluted by ]:-oiiring on to ])owdered ice and 
excess of subdiurie acid renKA cd i)y addition of the requisite quantity 
of barium liydrogei^ phosphate, the carbonate and hydroxide of this 
metal beiiig unsuital:;le cr. account of tlieir clecornpcsing effect on the 
acid.'^ Alter concentration hi vacuo, solutions containing active oxygen 
c(]uivadent to a])out iS granns of H.^SO- ])er litre s.^'e obtained/^ It is 
]iossible. Iiowever. to obtain solutions of tlie potassium salt a]:>]Droaeh- 
ing gram-molecular strength, by a modiheation of this method.’^ The 
]:)otassium pcrdisul])];ate is trituraTed witli a. considerably smaller quan- 
tity of the concentrated acid (13 e.e. for 20 grams salt), and the neutral- 
isation of tlie ice-containing diluted solution is effected by adding first 
potassium carbonate solution and hnally a little amliydrous potassium 
carbonate. It is essential that local rises in temperature during neutral- 
isation sIiGuld be a\'oided, since these undoubtedly cause deeo^nposition 
of Caro's acid. Tlie solutions olAained arc free from liydrogen ])eroxide. 

(2) Fn.an Jlyi'rnOim Ferorihe . — Tlie iermation of a strongly oxidising 
acid was also oliseiu'cd ])y Berthclet in iST8*^ when lie allowed sulphuric 
acid to react with hydrogen peroxide. Tiie reaction, which was re- 
iiwcstigatcd liy Bacp'cr and Yilliger ~ in IhfKo is aiiiiarently unirnolecular 
if a large excess of concentrated suhdiuric acid is used."^ this ])c]ia\’iour 
according well \vith tlie equation 

IT 30 .-IioSO~ImSO,-H.O, 

Pure permonosulplurric acid may be olitaincd by tlie gradual addition of 
tlie theoretical quantity of anliydrcns Iiydrogen ]ieroxidc to cold pure 
chlorosul])honic acid : 

IIO.OiI-;-CI.SO,.OII=HO.G.SOo.OH-hIiCl. 


^ Caro. Zdl.'^rJi dngc^^'- C7/r///., iSC?,, ii, S4,~. 

- Eaoyc'r and VilliLior. id r.. llU)], 34 . Sdd : i'iUU, 33 . 124, SdS, Id-od. 8 ( t- also tlnudan, 
ZdUcli. rodici'i .. 1901], 9 , 719, 9SC : Tai oui, 33 . i.. 127. 

•' jjaeyer and Adliiyer, JJ( r., ISC'), 32 . 9024 ; 1900, 33 , 24sS : 19nl, 3 p S59 • 
beryer. ihiC., 1900, 33 . 1781. 
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When evolution of hydrogen chlorine has ccasecL any gas rcniaining 
solution is drawn off at the j^uinp . tiic iesicliic ol Caros acid then 

soliclihes. . 

Properties.— Pure permonosulpnuric acid is an unstaolc crystalline 
solid which slowly decomposes even at low^ temperatures : it melts with 
slight decomposition at 4-5" C. 

" For ordinary purposes aqueous solutions of tlie acid are sufficient ; 
these possess an odour resembling that of hypochlorous acid. 

Although permonosulphuric acid is formed from acid-containing 
solutions of perdisulphiiric acid, the latter is the more stable in neutral 
and alkaline solutions. 

No salt of jiermonosulphuric acid lias been obtained in a pure con- 
ditimu The acid is monobasic, only one hydrogen atom being dissociable, 
the ions being IF and SO^IT." 

In solution, permonosulphuric acid^teiids to undergo hydrolysis to 
sulphuric acid and liydrogen peroxide : - 

HoSO^d-H.O HoSO.-i-II.Oo. 

As might be cxj^ected of such a reaction, the change is accelerated 
by the"^ jircsence^of finely divided or colloidal ]datinum, which facili- 
tates the decomposition of the liydrogen peroxide and so removes it 
from the sphere of the reaction. The addition of liydrogen jieroxide 
aids the decomposition of permonosuiphunc acid in the jiresenee of 
colloidal platinum, cqui^'alent quantities of oxygen coming from the 
hydrogen peroxide and the aeid.^ Like the coin'crsion ol' iicrdisuljihuric 
acid into permonosulphuric acid, tlu.‘ liydrolysis oi’ tlic latter acid, 
as represented in tlic ibregoing ccamtion. occurs more rajhdiy in the 
presence of concentrated siiljihuric acid, whilst in suljduirie acid of 
S per cent, concentration permonosiilpliurie acid is rclati\'cly stable: 
in the preparation oi‘ this acid from a ]i(n’disul)-)hate, thcrcl'ore, it is 
advisable to dilute the reaction j)r()duct so tliat the suipluiric acid 
ap])roximatcly attains this concc'ntration. Fcs'mono.suiplruric acid is 
also fairly stable iu a(pieous pIiospli(jrie acid solution - (see j). ISO). 

The usual method of estimating hydrogen peroxide/ })y titration with 
potassium jiermaugaiiate is not applicable! with accnrac!}' to the deter- 
mination of' tlic ])eroxide ])r(!scnt in sohitions of pcrmonosuljihuric acid 
on account of the ac'id I’cacting ivitli tlic liydrogen ])(n'()xidc under the 
conditions existing during the titration with, tlic formation oi'frce oxvgen, 
tlie permanganate titration therefon^ gix ing low results.^ 

Silver nitrate causes vigorous dca-omposition of a neutralised solu- 
tion of permonosulphuric acid, oz()nis(‘d oxN'gcn being rapidiv CA'olved : 
manganese dioxide and leael elioxieic! pre)ebice‘ a similar effeet.''’ 

^ eVAns and Fricdci'ieli, Zcit-irfi, (tuoKj, ('Ikh!., l'.:!q - 73 , ; jiFo d'Ans, Zcilsch. 

EJrJclrochch} Idll, 17 , Sdd. 

- Baeyer and Villiuer, Iv.r., IDOL 34 , S"):), S(‘c aLo Idicc, 'I'niiis. Chmi. Soc., 1907, 
91 , 535. 

r. Pjm 00 ^ CJk !/i . >S(>c.. 1D(),‘>, 83 , 543 : I'licc and l-dTciid, 1!)()4, 85 , 1530. 

Price, Trail-":. CJici/i. Tor., 1903, 83 , 5;.3. ddu* fad that on titralion of lo’drogen 
peroxide witli permanganate in the jn'csencc ot pcrmono^-nlphurie acid an apyiarently 
exee.ssive quantity oJ oxyyen is liP'cra t ed \\as oarher ili-*' snhjod of comsiderable con- 
troversy ; .^cc Bach, Bcr., IDOO, 33 , !50(;, 31 i I : iDOl, 34 , i53(), 3851 ; 1902, 35 , 158, 872, 
:^940 ; Eaeyer and Villiper, ihid., IDOO, 33 , 2488 ; Armstrong, Proc. Chrrn. Tuc., 1900, l 6 , 
134; Ramsay, Tr/j/is. Ch-.in. T(^r., 79 , 1324, 

^ Bamberger, Ber,, 1900, 33 , 1959. 
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Oxidising Action. — The most characteristic* property of permonosul- 
phuric acid is its oxidising povcer, in wliieh it is distinctly superior to 
perdisulplniric acid. Chlorides, bromides and iodides are oxidised, the 
last-named immediately, with liberation of the corresponding halogen 
element. Many organic compounds undergo oxidation with the acid, and 
it lias found extended application in this direction. Particularly note- 
wortlrv is its action on aromatic amines ; aniline, for example, is rapidly 
converted through the stage of nitrosobenzene to nitrobenzene : 

C^IC.XH, — > c,H..xo — > C,IV-S’0,. 

The formation of aniline black as with ]:)crdisulphuric acid (p. ISO) is 
not observed.^ 

For use as an oxidising agent the addition of potassium permanganate 
to a dilute sulpluiric acid solution of permonosulphuric acid has been 
recommended.“ 

Constitution. — On account of the fact that pure permonosulphuric 
acid and permonosul])hates were unobtainable, the selection of a 
formula for j^ermonosulphuric acid was at one time a matter of con- 
siderable diillculty. It was recognised tliat the acid must be derived 
from sulpliuric acid, but the actual com]:)o$ition was in doubt for 
a considerable period. Paeyer and Villiger proposed the formula 
HoS 0,5, but rival formulre were also 'put forward, namely 
and HoSoOcjF and advocated strongly. Convincing e\ddence of the 
correctness of the hrst formula was first adduced b\" Willstatter and 
Ilauenstein.^^ vrho treated a neutralised solution of the acid with benzoyl 
chloride and alkali and so obtained a crystalline henzojjl derivative, 
wliicli could be purified by careful crystallisation from water; this 
])roduct, after drying in a vacuum, proved to have the composition 
KO.SOo.O.OBz (where I 3 z represents the benzoyl radical, C^H^O), but 
immediately after se])aration from water contained a molecule of water 
of crystallisation. The benzoyl derivative possessed oxidising pro- 
perties, as would be expected of a substance of the pcroxidic type 
suggested, and its com]>osition hnally disposed of any proljability 
attacliing to the altcrnati\'e formuhe for pernionosul})huric acid. The 
synthesis of pure permonosulphuric acid by sul].)lionating liydrogen 
peroxide witli the calculated quantity of ehlorosulphonic acid " removed 
any remaining shadow of doubt on. tlic matter. 

It must ])e borne in mind that of the liydrogen atoms of permono- 
sulphuric acid. HO.SOo.O.Gli. only tliad. of tlie simple hydroxyl group 
is acidic, the substance being a monobasic acid : it is possible that the 
hydrogen of the — groiq^ may become active in the presence of a 

^ Caro, augeic. CJiCin., 1S9S, ii, Slo. 

- Baeyer and Villigei-, Ber., 1900, 33, ddSS. For the further application of permono- 
sulphuric acid to organic processes, see Baeyer and \hlliuor, Bcr., 1899, 32, 3623 : 1900, 33, 
124, 834, 2479 ; Bamberger and otliers, tbtd., iS99, 32, 1676 : 1900, 33, 333, 1781 ; 1901, 
34, 2023 ; 1902, 35, 1082 : Cross, Bevan and Briges, Chini. Xi'V's^ 1900, 82, 103 ; W olhen- 
stem and others, Btr., 1899, 32, 432 : 1901, 34, 2423 : 1904, 37, 3213, :>221 ; etc. 

Baeyer and \’illiger, BV/-., 1900, 33. 124 : l9*ol, 34, 833. 

Lowry and A\’est, Tran-i. Cdu tn. Boc., 1900, 77, 930. 

^ Armstrono and Lowrv, Pr<,c. Boy. Sue , 1902, 70, 94; . Elcldrochem., 

1903, 9, 719. 

^ 'Willstatter and Hauemstcin, Her.. 1909, 42, 1839 ; Price [Trans. Chern. Soc., 1903, 83, 
543 ; 1906, 89, 54) had alreadg’ obtained less convincing evidence in favour of the same 
formula. 

‘ d’Ans and Friederich, Ber., 1910, 43, ISSO- See also this volume, p. ISO. 
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laro'e excess oi‘ alkali, tlie acid ■becoming soinewliat more stable under 
such conditions^ 

Detection and Estimaiion.-- -Pure solutions ox pcrrnonosulpliuric 
acid aive no yeilow coloration with a solution oT titanium dioxide in 
suljdiurie acid' and so may be distinguished irorn similar solutions owing 
their oxidising power to tlie ])rescncc of liydrogcn peroxide. 

Quantitative estimation of tlie acid may be effected by the use of 
potassium iodide solution, tlie chemical change 

IIoS 03 + 2 KI = XoS 04 ---HoO-i-l 2 

beine capable of examination both- from the point of view of tlie libera- 
tion of iodine and decrease in acidity.- Tire estimatio]x sliould be carried 
out in the eohl aiul as I’apadiy as possible. 

Amidopermonosiilpliuric Acid or Hydroxylamineisosiilphonic 
Acid, NHo.O.SOo.OH. 

When liydroxylaminc is made to react Vvitli chlorosul]3honic acid 
at tlie ordinary temperature, the hydroxyl group of tlic former under- 
goes sulphonationP as represented in tlie equation : 

XHo.OH-fCl.SO,.OK=Xir3.0.SOo.OH-:-HCl. 

Tlie same substance can also be obtained from hydroxyiaminc 
sulphate and fuming sulphuric acid, and by the hydrolysis of hydroxyl- 
amineUedisulphonic acid with liydroclijoric acid. ' 

The product is a mierocTystallinc powder wdiieli can be hydrolysed 
to hydroxylamine by licating in acid solution. 

As will be seen by cornparingthcformuim of sulpluiric acid, SOofOH)^, 
and sulphamide, S 0 o(Xl-r 2 )o, hydroxylaniiiie/.vosuLdiv'inie acid is tlie 
amide corresponding with ])ermonosul])hurie acid, altliouglx it lias 
not been directly prepared from tlxis acid. In agreement whtlx this 
relationship, however, hydivmylanr’nctmsiili.dain.ic acid or amidoper- 
monosulpliuric acid ])osscsscs marked oxidising ixro'pertics, readily 
liberating iodine from iiotassium iodide. 

Thiosulphuric Acid, HoSoO.^. 

Sodium thiosulphate veas obtained ixrobably for tlic first time by 
Chaussicr in 1799 whc]'! endeavouring to ])rej)are sodium carbonate 
by heating sodium siupliaLe with cliareoa!. The name h\o)osu]phurous 
acid fertile corresponding acid Wcis suggested i)y (7ay-Lussac in ISior'' 
who wu’ongly regarded tlie acid as xepresenting an intermediate stage of 
oxidation between sulphur and sulpluirous acid. In 1S77 Wagner 
recommended the more correct description thiosu![)]mric acidU which 
has almost entirely dis])laced the earlier name from elunnical literature, 
altixough '' hyviosulpliite is still used by pliotograplicrs. 

^ Willstatter and ]-iaiien.stein, loc. cit. 

- See Hiigdan, Zcit-^cli. Eh'lctroditni., 1903, 9 , 71S, 9S0 ; Price, Trun.-^'. Clunt. Soc., 1903, 
83 , o43. For a method of estimating Caro's acid, pcrdisulphnric acid ami hydroaeii per- 
oxide in a mixture of all tliree, see "\Volli'enstein and dlahcw, Re/’.. 1023, 56 , TBy 1708. 

Sommer and Templin, Btr., ivll-i, 47 , 1221. 

Raschig, Aiinultii, 1SS7, 241 , 1(31. 

^ Gay-Lussac, Arui. Chini., IS] 3, 85 , 191. 


COMPOUNDS OF SULPHCR. 


193 


Formation.— The Tree acid is exceedingly unstable and, at best, is 
obtainable only in very dilute solution : many of the older methods 
described for the synthetic production of aqueous solutions of tlie acid 
probably yielded only one or more of the polythionic acidsd 

Under suitable conditions, however, sulpiiurous acid appears to be 
caq)able of combining directly with sulphur, giving some thiosul]3huric 
acid, the conditions being most favourable in alcohol solution - at the 
ordinary temperature. 

A more satisfactory method is to pass dry hydrogen sulphide into 
alcohol containing lead thiosulphate in suspension : after hltering off 
the lead sulphide formed, excess of hydrogen sulphide is removed from 
the solution by a current of air.^ The solution obtained decomposes in 
the course of a few days. 

The acid appears to be formed when a few drops of a concen- 
trated solution of sodium thiosulphate arc added to a few cubic centi- 
metres of fuming hydrochloric acid. Sodium chloride is precipitated 
and a clear solution obtained which remains stable for about an 
hour.^ 

Tlie salts are much more stable and can be prepared by various 
processes ; the sodium salt is the one most commonly manufactured. 

Sulphites of the alkali metals when heated in aqueous solution with 
sul]3hur or polysulphides are converted into thiosui[)liates ; the sulphur 
should be in excess and the mixture kept well stirred. A similar con- 
version can be effected by careful heating in the absence of a solvent,® 

Na.>S 03 -rS = Xa 2 S 203 . 

A similar result is achieved by treating an alkali sulphite in aqueous 
solution with hydrogen sulphide, the formation of sulphur probably 
occurring as the first stage ^ (see p. 194 ). 

The interaction of aqueous alkalis and sulphur (see p. 37), and of 
fused alkalis or alkali carbonates with the same clement, also produces 
some thiosulphate. 

Alkali sulphides ^ and polysulphides ^ on suitable oxidation give 
rise to thiosulphates : tlie formation of thiosulphate by the action of 
sulphur dioxide on an alkali sulphide may be considered as a special 
case of this class or a modification of the method gi\'en first above. 
If aqueous solutions of sodium hydrogen sulphide and sodium hydrogen 

^ For example, see Rose, Zeii-scJi. anal. Ckem., 1862, i, 47o ; livers, Coaipt. rend., 
1872, 74, 195 ; Debus, Annalen, 18SS, 244, 79 ; Colefax, Trans. Ohern. Sac., 1892, 
61, 199. 

“ Alo\% Coinpt. rend., 1903, 137, 51. 

Gil and Beato, Be.r., 1923, 56, [B], 2451 ; Anal. Fis. Quiin., 1924, 22, 84. 

Gil and Beato, loc. cit. 

° Watson and Kajagopalan, J. Indian Inst. Sci., 1925, 8, A, 275. 8ee also rlargreaves 
and Dunningham, J . Soc. Chern. Ind., 1923, 42, 147 T. 

Verein"^ Chem. Fabnkcn, Zeltsch. angcio. Client., 1896, 9, 666. The reaction 
8 — CaSO^.dHoO^^CaSA-h-aq.— 2H2O has been subjected to tlicrmodynamic investigation 
by Bichowsky, J . Anier. Chern. Soc., 1923, 45, 2225. 

‘ Mitsciierlich, Ann. Phijs. Cheni., 1826, [ii.J, 8, 441. 

Donat h and Alullner, blngl. poly. J 1887, 263, 211 ; 1888, 267, 143. 

Jones, Trans. Chern. Soc., 1880, 37, 461: Colson, BidL Soc. chi in., 1880, 3p 66; 
Drecdisel, J. praki. Cheni., 1871, [11.], 4, 20: 8cnderens, Bull. Soc. chim., 1891, [lii.], 6, 
800 ; 1892, [hi.], 7, 511. 

Drechsel, J. praht. Chern., 1872, [ii.], 5, 367 ; Divers and Shimidzu, Trans. Chern. 
Soc., 1884, 45, 270. 
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sulphite in the molecular proportion 1 : 2 are mixed, sodium thiosulphate 
is obtained in a higli degree of purity : ^ 

2XaIIS d-dNaHSOg =3Xa.S oO., - 3H ,0. 


Also, in the ]n-e]oaration of the thiosulphate from sodium sulphide and 
sulphur dioxide, or from sodium sulphite and hydrogen sulphide, as 
already described, if sodium hydroxide is first added to the solution 
in sucli quantity as to lead to the ultimate formation of the hydrogen 
sulphide and hydrogen sulphite salts in the proportions mentioned, 
then the reaction ]U’oceeds very smoothly and almost without separation 
of sulphur. 

The decomposition of tlie polythionic acids (g.r.) in the presence of 
alkali, the dcconqmsition of hydrosulphites (p. 227) and the hydrolysis 
of nitrogen sul|)Inde “ by water or aqueous alkali are also processes in 
which salts of thiosulphuric acid are formed. Certain micro-organisms 
capable of converting sulphur to thiosulphate have been isolated from 
soil cultures.^' 

Of especial interest from the point of view of the molecular constitu- 
tion of the thicsulphates, is the possibility of preparing the alkali salts 
from tlie corresponding sulpliites and sulphides by the action of iodine : ^ 

XaoS 03 -rXa 2 S — l2 = 2XaI ~X'a 2 S 203 , 
or by electrolysis, in which case thiosulphate is produced at the anode : ^ 
S03'S-S"-!-2@--S203". 


For details of the commercial processes for the manufacture of 
thiosulphates, the volumes of this series dealing with the particular salts 
in question should be consulted. 

Properties. — As is to be expected from its unstable nature, tiiio- 
sulphuric acid is endothermic when referred to aqueous sulphur dioxide 
and free sulphur or even to sulphur dioxide, water and sulphur, althouoh, 
on account of the high value of the heat of formation ot water, tlie heat 
of formation of the acid from its elements is a positive quantitv! amount- 
ing to loT-Sg Calories per gram-molecule in aqueous solution^ 

Mhen solutions of the salts are acidihed there is a gradual de])osition 
of sul])hur. the rate being dependent on the concentration ot the solutions 
as well as on other factors. ^ Xo turbidity is obseinmble at first, and the 
interval is sometimes ascribed to the suIjMiur remaining in colloidal 
solution for a time." subsequent neutralisation not preventing the later 
separation of at least some of the sulphur ; also, tiic presence of colloidal 
particles may be detected by the ultra-microscopc.® With solutions of 
one gram-molecule ot sodium thiosulphate and one gram-molecule of 


^ Foei'ster and Mommsen, Bc.r., 1024, 57, [B], 2oS. 

- Eordos and Gidis, Cowpt. rend., 1850, 31, 702 ; Ruff and Geisel, Bcr. 100-1 07 l y 
See also p. 234 . ' ’ ’ 


^ Guittonneau, Comjpt. rend., 1925, 180, 1142. 

Spring, Ber., 1874, 7, 1159. 

32 I tb Mti S. Accad. Lhica, 190.3, [v.], 14, h,, 433 ; lUOG, |v.l. 15 . i., 

- U’’ 0 '''’’ ’ Bertliclot, Conqjt. rend., 1889 , 108 77(5 

^ Bdtz and Gald. Bnchr. K. 6V,v. irG>. Golltnijen; 1904, p. 300. 
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hydrochloric acid, each in 16 litres of water at 12“ C., a mixture of equal 
volumes gives no turbidity until after one and a half minutes. ^ 

The foregoing view of tlie cause of the delayed turbidity is correct 
only in ])art, considerable e^'idence pointing to at least a definite althougli 
short existence of thiosulphuric acid itself: for instance, the decom- 
position of thiosulphuric acid is a slightly reversible process (sec p, 193) ; 
also, sodium tliiosulphate can be titrated satisfactorily with iodine in 
dilute acid solution, and an acidified solution of a thiosulpliate will 
reduce Methylene Blue in ac^ueous alcohol solution, whereas sulpliurous 
acid will not.- During the decomposition of the thiosulphuric acid, 
however, secondary reactions occur, resulting in the formation of 
polythionic acids, and considerable investigation lias been directed 
towards this subject in recent years, the main conclusions from which 
will now be given. 

Decomposition of Thiosulphuric Acid. 

Aqueous solutions of thiosulphuric acid and its salts arc not very 
stable, but tend to decompose, yielding sulphurous and pol\i:iiionic acids 
and a deposit of sulphur. The decomposition may take place in at 
least three different ways : ^ 

{a) 1108.03 ^H,S03-hS, 

\h) 2H0S0O3 HoS-t-PIoS30^5, 

(c) 2 H;s :03 ^ l-DO-rHoSA- 

Of these, the first reaction is the one usually recorded, and in the majority 
of cases it is the one that occurs to the largest extent. The presence of 
alkali pushes the equilibrium well to the left, so that in alkaline solution 
the thiosulphate is stable. This explains the formation of thiosulphates 
on boiling alkaline sulphite solutions with sulphur. The laws of clicmical 
equilibria, however, clemand the presence of perfectly definite although 
perhaps very small quantities of sulphite and free sulphur in solution, 
and if alkaline thiosulphate solutions containing alkali sulphide are 
boiled in the absence of air, they become deep yellow, owing to poly- 
sulphide formation, the extra sulphur for whicli is obtained from the 
thiosulphate. Assuming the sodium derivatives to be used, the 
equation may be written 

Xa.S-rXaoSoOg X"a 2 S. 2 -rX^a 2 S 03 , 

and higlier polysulphides may result as well. 

This equilibrium affords an explanation for the fact that a trace 
of hydrogen sulphide accelerates the reaction between sodium sulphite 
and sulphur ; sometimes there is a long delay before sulphur begins 
to dissoh'e in boiling sodium sulphite solution, and in such cases the 
effect of passing a few bubbles of hydrogen siil])hide into tlie solution 
is ^-ery marked ; when once the reaction begins it proceeds smoothly.^ 

Although the reaction [ci] is usually written in the manner indicated 

Muller, Bull. Soc. chun., 1907, [iv.], i, 1155. 

- Bongiovaiini, GazzuUa, 1914, 44 , 1 ., G24. 

Ba^^seit and DuTTant, J . Chon. Soc., 1927, p. 1416. 

‘ Hargreaves and Hunningham, J. Soc. Chron. Ind., 1923, 42 , 147 T; Watson and 
Kajagopalan, J . Indian InB. Set., 1925, 8 , A, 275. 

^ Bassett and Durrant, loc. cit. 
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it appears to be bimolecular, and may be more correctly represented as i 
2 HoS,03 - 2H,S03-So. 

This seems to sug'gest that tlie sulpJiur unit is 83. This unit is capable 
of uniting with hydrogen sulphide to form the trisulphide, ; })ut 

sodium sulphite can only combine with one atom of sulphur to yield 
thiosulphate. The catalytic activity of the hydrogen sulphide would 
thus appear to be due to its ability to absorb a whole sulphur unit, 
So, and subsequently to give up, on reduction, each atom of sulphur 
separatelv, thus : 

IIoS-l-So II2S3, 

IT0S3— XaoSOg XaoS.oOg-f IIoSo, 

IToSo+XaoSOs == Na3S203-|-Tl2S^ 

The manner in Avhich the So unit is eliminated from thiosulphuric acid 
remains to be considered. Bassett and Durrant point out that when 
the known weakness of the second stage ionisation oC sulphurous acid 
is considered in conjunction with the known tendency for sulphur to 
become co-ordinated with four atoms or groups, it would appear that 
the direct loss of sulphur by thiosulphuric acid is largely due to a 
hydrogen atom taking the place of the escaping sulphur atom, thus : 


2i-n 

ro 0^ 
s 

2II 

ro on 
8 


0 s 


0 H 


the sulphurous acid produced having, in the first instance at any rate, 
the sulphonic structure. 

From spectrophotometric measurements, Jablcynski and Rytel,- 
however, maintain that the decomposition is imimolecular, monatomic 
sulphur being first produced, which itself retards the reaction. As the 
opalescence is due to the formation of polyatomic sulpliur aggregates, 
the latter act as an autocatalyst by withdrawiiig tlic atomic suljihur 
from the solution. 

Turning now to equation (/;), namely 

2II3S0O3 - 1128^-113830^, 

it has been known for many years that, upon acidiiication, solutions 
of thiosulphates invariably evoh'e liydrogen sulphide.^ Water alone 
suflices to cause evolution of the gas from sodium thiosulphate. Tlie 
gas is evolved also if carbon dioxide is bubbled through the solutions, 
or if the thiosulphate is warmed with, boric acid, whilst stronger acids 
liberate it readily.^ Various explanations liave been olTered for this, 
some attributing the presence of the gas in standard sodium thiosul- 
phate solution to bacterial action (sec p. 109), whilst Foerster and his 
co-workers ^ suggest hydrolysis, according to the ccpiatiou 

H383O3-I-I3O 11380,^-1138. 

^ Bassett and Diirnint, loc. cit. ; contrast iiollcman, lice. T m i:, chun , J 895, 14, 71. 

- Jablcynski and Rvtel, liocz. Chem., 1920, 6, 201 : Bull. Sue. eJiun., 1926, [iv.l, 39, 
409. 

" Spring and Levy, Bull. Acad. roy. Belg., 1876, 42, 103 : Colson, Bull. Boc. chun., ISSO, 
34» 66. 

Bassett and Durrant, loc. oil. 

Foerster, Lange, DrossbacL and Seidel, ZeitscJi. anorej. Ckem., 1923, 128, 268, 
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Acrainst this latter view is the fact that little or no sulphuric acid 
is formed unless the mixture is boiled for a long time. In alkaline 
solution, alkali sul]>hide and trithionate react to form thiosulpliatc. ^ 
but alkaline solutions ofsul[)hate and sulphide do not.- It would appear, 
therefore, that the correct explanation lies in the reversible equation 
(h) (]). 105). This receives support from the fact that when lead tliio- 
sulphatc is boiled with water it yields, in tlie hrst instance, lead sulpliide 
and lead trithionate.^ Conversely, lead sulphide on digestion with 
potassium trithionate yields lead thiosulphate.-^ Further, weakly 
alkaline solutions of sodium thiosulphate itself yield, on boiling, sodium 
sulphide and sodium trithionate. with only a trace of sulphate ; if boiled 
with sodium plumbite, lead sulphide is precipitated and sodium trithion- 
ate remains in solution. 

IVhen acids act on thiosulphates, polythionic acids are formed. 
This is explained by reactions (b) and (e). The fact that the amount 
of liydrogen sul])hide liberated is very small in proportion to the amount 
of polythionic acid formed is attributed ^ to the fact that reaction (a) 
is that which normally occurs to the greatest extent when acid acts upon 
thiosulphate ; the hydrogen sulphide is thus liberated in tlie ju'esence 
of a large amount of sulphurous acid and hence ra|)idly destroyed. 
Trithionic acid is thus a primary product of thiosulphate decomposi- 
tion, and in its turn decomposes as explained on p. 212. 

In ^'ery acid solution, Bassett and Durrant beiie\'e that reaction (e) 
takes place, with formation of a new acid, di-thio-pyrosulphuric 
acid, IL,Si05 : 

2II,S,03 ^ H.O-f HoSA- 

This reaction is clearly effective in removing hydrogen ions from solu- 
tion. The acid is presumed to be formed by the remoA'al of a molecule 
ol‘ water from two hydroxyl groups of two molecules of tluosulphuric 
acid — not from one liydroxyl and one tliiol group — in which case its 
structure may be written as : 
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From the second formula it is clear that three tautomeric structures are 
possible, according as both hydrogen atoms are ionisable (as in the 
formula), or one or both atoms arc absorbed into the complex, being 
attaclicd by co-valencies to either a sulphur or an oxygen atom. 

When ice-cold concentrated hydrocliloric acid is added to a thio- 
sulphate solution, a colourless solution is obtained sinniar to that 
resulting from the action of sulphur dioxide (see ]n 108), no sulphur 

^ Chancel and Diacon. Conipt rc/id., ISGo, 56 , 710 ; J. jjiali. Cha/t., lS03, 90 , Sc. 

- Bassett and Burranr, loc. cii. 

^ Pogh, Co)tipf. rr./id., 1890, iio, 524. 

^ Spring, Bull. Acad. ray. Bely., 1874, 37 , 45 ; Collected idsfc/M'/ns, 1928, vol. in. 
p. 966. 

Chancel and Tiacon, loc. cit. 

^ Bassett and Durrant, loc. cit. 
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being preci]>itated. After fifteen hours no thiosiilplmtc can be detected 

in the solution. _ 

Vltliou^'h the foregoii'ig explanation may be valid, it has been sug- 
o-ested 1 that the compound formed in solution is of the ty])e IIoSo 0 . 3 .S 62 - 

Sul})hurous acid causes the decomposition of thiosulphuric acid to 
take ])lace more in accordance mitli equation (h) ; ^ this it does in three 
wavs, namelv : 

(i) By retarding reaction {a), of which it is a product : 

(a) 21108,03^211.8034-82; 

(ii) by forming a relatively stable additive product, 11,8,03.80, : 

(iii) by accelerating reaction {^) : 

(b) 211,8,03 ^H28d-H.,830„ 

throuoh removal of liydrogen sulphide, with which it interacts, liberat- 
ing sulphur, wliieh may, under favourable conditions, react witli more 
sulphurous acid to regenerate thiosulphuric acid. It is thus possible 
to convert a thicsulphatc almost quantitatively into trithionate, as, 
for example, by acting upon a saturated solution oi' the potassium salt 
with concentrated sulphurous acid at 30 ° C.,^ thus : 

K,S203--4S02-^H, 0 - 1 x 28303 ^ 1 - 1 , 8300 . 

The reaction, of course, will not end there ; continued action of sul- 
phurous acid results in the hydrolysis of the tritliionate, with formation 
of tetra- and penta-thionates, and*^ ultimately of sulphate and su]])hur .4 

If gaseous sulphur dioxide is passed into a solution of tliiosuljdiate, a 
vellow" solution is formed which on keeping becomes colourless : it then 
\delds a precipitate of sulphur when treated with formaldeliyde and 
sodium hydroxide, but no polythionate can be detected. When the 
colourless solution is neutralised with sodium iiydroxidc, it is ibiiiid 
to contain sul])hitc and thiosulphate, but sulphur is not precipitated. 
These results may be due to the formation of an additive compound 
such as that mentioned in (ii) above. 

Free thiosulphuric acid solutions are rendered more stable by the 
addition of alcohol ; decomposition is facilitated by exposure to direct 
sunlight," and its course is dependent on the conditions ]n'evailing at 
the time. Thus, acids generally accelerate the deconij^osition. as also 
do charcoal s and hnely divided (colloidal) sulphur^ in the presence of 

^ Kuncnacker and Czci’iiotzky, Zr-lh-cJi. anorr/. Chtm., ]92S, 175 , 231. 

- Bassett and Durj’am, J . Chtm. - 6 'oc., 1927, p. 1440 ; Foca-ster .‘iiid yogel, ZeH:<ch. 
cniorg. Clitn).., 192G, 155 , lOi. 

^ Hertlcin, ZcUsch. pliysihaJ. Chtm., 1896. 19 , 202. 

* For earlier views conceriiino- the action of sulphurous acid on t hiosnlyihatcs, see 
Baker, Chtm. Xtivs, 1877, 36 , 203; Debus, A/niftlt/), I 8 S 8 , 2 ^ 4 , 169 . Bci-tlu'lol, C(j)/rpl. 
rend., 1889, 108 , 971 ; Villicrs, ihid., 1888, 106 , 80 I ; 1889, 108 , 402 ; ('olei'av, ChttK. dkars, 
1892, 65 , 48 : Trans. Ckern. See., 1892, 61 , 1083 ; l-Iolleman, ICr. Tier, (ddm., ISOd, 14 , 
71; Hertlcin, Zeiis(di. phymhiL Chf'ni., 1896, 19 , 291. For a study f)f the redactions 
between antmoniiim thiosulphate, ammonium polythionates, sulphur dioxide and ammonia, 
see Fspenliahn, J. Soc. Chtin. I red., 1917, 36 , 483. 

^ See Jvnnenacker and Czernotzky, Ztdtsrh. anorg. Chtm., 1928, 175 , 231. 

^ Aloy, Cornjjt. remd., 1903. 137 , 61 ; Landolt, Btr., 1883, 16 , 2967. 

' Aloy. loc. cii . ; Kolthoff, Pharm. WtcJcbhtd, 1919, 56 , 878. See also IMayr and Kcrsch- 
baum, Zeifsch. anal. Chem., 1928, 73 , 321. 

^ Kolthoff, PiCC: Tmv. chim., 1929, 48 , 298. 
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acid. r\[any salts retard t]\c changed although some, such as mercuric 
and hismiith cldoridcs. lead acetate, sodium tungstate and sulphide, 
have no marked inllueiice - on the decomposition of the sodium salt l^y 
means ol‘ hydrochloric acid. Protective colloids also retard the reaction.^ 
The ])resence of alkaline substances has a stabilising effect, and the 
addition of sodium carbonate (about 0-2 gram per litre) to standard 
volumeiric solutions of sodium thiosulphate will preserve them for a 
considerable time.'^ Such solutions should be made with boiled dis- 
tilled water in order to minimise the decomposing action attributed to 
bacteria.^ 

*Vccording to Hayr and Kcrschbaum ® bacterial action is the princi- 
pal cause of tiie instability of thiosulphate solutions, and Une protective 
action of alkali is ascribed to its restraining effect on the growth of the 
bacteria, a value of 9 to 10 being most effective. Tlie })resencc of 
co])per accelerates decomposition only when bacteria are also present. 
Tliiosulpliate solutions may be almost completely sterilised by the 
addition of amyl alcoliol (1 per cent, by \'olume) or of mercuric cyanide 
(0*01 }')cr cent, by weight)." 

The addition of formaldehyde to sodium thiosulphate solution 
prevents its decomposition with precipitation of sulphur on subsequent 
addition of hydrochloric acid ; tliis effect is to be attributed to the 
formation of a condensation product analogous to that formed between 
formaldehyde and sodium hydrogen sulphite.^ 

From the fact that sodium thiosulphate is but sliglitly affected by 
acetic acid, it is probable that thiosuiphiiric acid is a comparatively 
strong acid.^ 

Thiosulphates, — The salts of thiosulphuric acid, with the excep- 
tion of those of the alkali metals, are sparingly soluble in water but are 
commonly much more soluble in an aqueous solution of an alkali thio- 
sulphate, soluble double salts being formed in which, the hea\ ier metal 
is probably situated in a complex acidic radical ; hence, on the addition 
of a solution of alkali thiosulphate to a salt of a heavy metal, the pre- 
cipitate of the thiosulphate of the metal is generally solulde in excess. 

Tlie formation of these rclativel}' stable complex salts explains the 
solubility of the silver iialides in sodium thiosulphate solution and the 
value of such a solution for ” fixing “ photographic prints. In many 
cases the complex salts have been isolated in the solid stateU^ for example, 

^ Gaillard, Cohipt. rend., 1905, 140, 652. 

- Kurreiiacker and Czernoizky, Zeiisch. anoig. Chem., 192S, 175, 367. See this paper 
also for the influence of arsenic compounds on the reaction ; also this volume, p. 217. 

^ .Jahlczyhski and .Rytel. Bull. Soc. cluni., 1926, [iv.], 39, 409. 

' Kolthoft, PJiarra. Vicchblad, 1919, 56, 87S. 

^ See Kilpatrick and Kilpatrick, J. Ayntr. Ckc/n. Soc., 1923, 45. 2132 ; Feiul, Ber., 
1923, 56, [By 2086 ; Abel, IbuL, p. 1076 ; Skrahal, ZdPdi. anal. Chem., 1924, 64, 107 ; 
Sehulek, ibid., 1926, 68. 3S7 ; 21ayr, ibid., p. 274 ; Kahn, ibid., p. 386. 

Mayr and Kersclibaum, Zeiisch. a-nal. Chem., 1928, 73, 321. 

' W'inkler, Fharm. Zenfr., 1928, 69, 369. 

^ Schmidt, Ber., 1906, 39, 2413 ; 1907, 40, 860. 

^latthieu-Plessy, Ccnnpt. rend., 1885, loi, 59; Berihelot, ibid., 18s9, Jo8, 971. 

See under the various metals in other volumes of tliis Series. Also see \'ortmann, 
J7o//r//,s7n, 18SS, 9, 165 ; 5'ortmann and Ikidberg, Ber.. 1889. 22, 2637 ; Fock and Kliiss, 
ibid., 1891, 24, 1351, 3(U6 ; Rosenheim and Steinhauser, Zrlf,<ch. anmg. Chern., 1900, 25, 
81 ; Shinn, J. Anner. Chem. Sac., 1904. 26, 947 ; 2Ieyer and Eggclmg, B<r., 1907, 40, 351 ; 
Dutoit, J. Chim. phys., 1913, ii, 650; \Anino and Mussguug, Aich. Bhaim., liK9, 257, 
264 : von Szilagyi, Zeitscli. anorg. Chern., 1920, 113, 69, 75 ; Canneri and Luchini, Gazzelia, 
1922, 52, ii , 261 ; Bassett and Durrant, Trans. Cficni. Soc., 1923, 123, 1279. 
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from solutions containing sodium thiosulphate and a silver salt, well- 
defined crystalline compounds variously formulated as XaoS.P3.AgoS203. 
2HoO. 2XaoSo03.AgoS . 203.211 .,0 and Xa2S2O3.Ag2S2O3.H2O, have been 
obtained. According to Baines ^ the first of these may best be obtained 
in a pure condition by the addition of silver carbonate in aqueous sus- 
pension to a solution of sodium thiosulphate, when the double salt 
sei^arates as a colourless crystalline powder ; or it may be obtained in 
laraer crystals by saturating with sulphur dioxide a dilute solution of 
silver carbonate and sodium sulphite in acjueous sodium thiosulphate. 
According to the same investigator the salt should be considered as 
sodium inoiwargentomojiothiosidjdiate, Xa[AgS203].H20- When pure it 
darkens only very slightly in bright light, and in solution it is more 
stable than sodium thiosnlphate towards dilute acids. The free acid, 
moiioargcmiomonoth:iosid]j]a^^^^^^ acid, L^AgS.^Ool.HgO, may be obtained 
as a silky white precipitate by the addition of concentrated nitric acid 
to the sodium double salt in ammoniacal solution. It is less stable 
than the salt. A solution of tlie latter precipitated with alcohol yields 
a salt of composition Xa^l Ag3(S203)4].2H20, and there is evidence that 
a third salt, XagiAgiSoO.^).,], exists in solution. 

Many of the heavier thiosulphates when heated with water give rise to 
the corresponding sulphides.- To this ready decomposition of the thio- 
sulphate is due the precipitation of sulphides when hot acid-containing 
solutions of various metals are treated with sodium thiosulphate solution.'^ 
When a solution of alkali thiosulphate is boiled with a copper salt, the 
yellow precipitate of sodium cuprous thiosulphate first formed under- 
goes decomposition to produce cuprous and cujwic sulphides and free 
sulphur, the relative amounts of these products depending on the thio- 
sulphate concentration, the duration of boiling, and the acidity of the 
solution. 

When heated strongly with exclusion of air, thiosuljDhatcs undergo 
decomposition, giving sulphate and ])olysul])hide or tire further decom- 
position products of the latter, namely, sulphide and free suljrhurH 

4 Xa oS 2O 3 == ;3N a oS O 4 A X a oS A I S . 

When heated in the presence of air, slow oxidation to sul])liate and 
sulphur dioxide occurs : ^ 

2 Xa. 2 S 203 -r 302 - 2 Xa 2 S 04 -!- 2 S 02 . 

In the presence of a reducing agent, for instance hydrogen, carbon or 
sulphur, the corresponding sulphide may be the almost exclusive pro- 
duct. A similar reduction to sulphide may be elTcctcd in aqueous 

1 Raines, J. Chem. >Soc., ]021), p. 2763 ; Fhot. J., 1929, 53, 314. 

- 1-leek, J. jjialL Chern., 18(>6, 99, 247 ; t'ortmann, Ftr., 1889, 22, 2309 ; Norton, 
Cher/i. Feu'd, 19(0, 89, 254 ; luph. An//. Clr//}/. 1890, ivi.g 21, 56 ; Laktor, Ze.i/dcJi. 

anal. CJicrn., i9(t(k 39, 3ol. The- eonversion into snljiliido is far from complen.' in the case 
of lead thiosulphat',* : see IkTkins and Kjnp, Tru/t.^. Chci/i. Sac., 1913, 103, 300 ; also this 
volume, p. 204. 

^ Lea, Amcr. J. Sci., 1S67, [ii.], 44, 222 ; Geiulicr, Ai'/niahyt . 1884, 226, 232 ; yauhcl, 
Ber., 18S9, 22, ]C)92 ; Eakior, Phan,,. Post., 1905, 38, 219, 527, 539. 

Haniis and Hovorka, J. Czechoslof:. Chej,,. Cunia,., 1929, 1 . 65. 

^ Rammclsberg, Am,. Phijs. Chnn., 1842. Fii.], 56, 298’; 'Rerthelot, Conpt. rend., 
lbS3, 96, 146; Jacques, Chen,. Xews, 1903, 88, 295; Picon, Compt. rend.. 1924, 178, 
1548. ^ ' 

^ Picon, loc. cit. 
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solution with nascent liydrogen,^ or even by in situ fermentation of 
sngar witli yeast.- 

Electrolysis of a tliiosulpliate in neutral solution eauises the formation 
of tetratliioiiate at tlie anode : 

2 S, 0 / 4 - 2 ©=S, 0 ,/'. 

A similar effect is produced by treatment with iodineH but in the 
presence of alkali there is also some sulphate ^ formed : 

2Xa,So03-fl2=^^a,S40,-f2XaI, 

or in ionic terms : 

2S,03" + I,-S,0/-f2U. 

Chlorine and bromine exert a more vigorous oxidising action than iodine, 
and altliough some tetrathionatc may be formed, this is accompanied by 
much sulphate, the latter being the main product : ® 

XaoSo 03 -t- 4 CUi- 5 lIoO= 2 XaHSO.iXSHCi. 

With sodium hypochlorite in the presence of acid, or even in the presence 
of sodium hydrogen carbonate, the reaction proceeds according to the 
foregoing equation, but if the thiosulphate and hypochlorite are allowed 
to react in dilute solution, the course followed is according to the 
equation : ' 

3 Xa oS oO 3 - r oX aO C 1 — 2 Xa oS O 4 A Xa oS 4O ^3 + 0 XaC 1 . 

As might be expected, treatment with vigorous oxidising agents 
such as nitric acid or permanganic acid, con\'erts a thiosulphate into 
a sulphate and sulphuric acid (or an acid sulphate).® A mixture of 
alkali thiosulphate and nitrate heated in a dry tube is liable to explode. 
With milder oxidising agents, for example iodic acid ^ or ferric chloride, 
intermediate products are obtainable, especially tetrathionatc, and some- 
times dithionate. The oxidation of sodium tliiosulpliate by a solution 
of iron alum is of interest as presenting an example of a quadrimolecular 
reaction : 

2Fe- • • -r 2S oO 3" - 2Fe- ' A S 4O 

In alkaline solution hydrogen peroxide effects oxidation to sulphate, 
dithionate being a probable intermediate product ; sulphate is also 

^ Vohl, An'iiaJen, ISoo, 96, 237 ; J-ieynolds, Chtru. Seu:^, 1863, 8, 2b3 ; Spring, Rer., 
IST-l, 7, 1161 ; de Koninck, Ibid., 1887, 20, 397. 

“ Xeuberg and Welde, Biochem. Ztiisch., 1914, 67, 111. 

^ Thatcher, Zdibch. jjJci/sil-al. Chem., 1904, 47, 691. 

Hertlein, Ibid., 1S96, 19, 310. 

^ Ashley, Arnrr. J. Sci., 1904, [iv.], 19, 237. See also Pickering, Trans. Chem. Soc., 
ISSO, 37, 128 ; KolThoif, Pharrn. WeetUad, 1919, 56, 572. 

^ Lunge, Ber., 1879, 12, 404 ; Perlhelot, Conipi. rend., ISSS, 106, 773, 925, 971. 

' Diencrt and AVandcnbiileke, Compt. rend.. 1919, 169, 29. 

Slater, Clitm. Gaz., 1855, p. 36m Longi, Gazzetta, 1896,26, 11.. 119; Fcit and Kubier- 
schky. Chon. Zeii., 1891, p. 351; Stingl and hloratvski. Rcr., 1885, 18, 372; Konig and 
Zatzek, ibid., 1883, 16, 2660; 1886, 19, 229; Glaser, ibid., 1887, 20, 116 ; Brugcdiiiann, 
ibid.. 1884, 17. 65 ; Luckow, Zeif.-ch. anal. Chem., 1893, 32, 53. For tlie action ot nitric 
oxide on certain thiosulphates with formation of nitro.sotlijo>ulpliates, see Cambi and 
Clcrici. Atti II. Accad. Lincei. 1927, [vi.], 6, 448. 

^ 8onstadt, Chon. Ntics, 1872, 26. 98 ; Walker, Arner. J . Sci., 1897, [iv.], 4, 235. 

Popp, Zeilsch. Chon., 1870, [ii.], 6, 330 ; Holiuta and Martini, Zeidsch. anorg. Chern., 
1924. 140. 206 ; iai. 23 ; 1925, iaa. 321. 
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obtained with hydrogoi peroxide in the presence of molybclic acid as 
catalvst : 

XaoSo03-^4HoO,-2XaHSO,--|-8HoO. 

but ii) the presence of alkali the peroxide j^roduces trithioirate (see 
]). 210). whilst in the presenee of a feeble acid like acetic acid tlie pro- 
duct is tetrathionate ; iodine catalytically accelerates the last cliange : ^ 

2Xa,S203+iroO.~2CH3.C03lI-Xa2S.A-f-2Cn3.COoXa--^^^^^ 

Applications of the Thiosulphates. — Sodium thiosulphate is the 
salt manufactured in largest quantity and it finds a])plication for a 
variety of purposes, for exam])le, as an “ aiitichlor “ for the removal 
of traces of chlorine from bleached linen, cotton, paper, etc., and also 
mixed with sodium carbonate for the absorption of chlorine fumes. 
For this latter purpose it was used in the earlier types of respirators 
during the Great War. On account of its ability to dissolve silver 
halides, sodium thiosulphate in aqueous solution is used as a fixer “ 
in photography, and also may be used for the remo\'al of silver chloride 
from the accompanying mineral matter in the extraction of silver from 
its ores. The aurothiosulplmtes of organic bases, .for example of ethylene 
diamine, have been suggested for medicinal use. 

In chemical analysis, sodium thiosulphate is applicable in ^mrious 
directions. It is frequently of value for the precipitation of metals in 
the form of supdiides,- and occasionally provides a convenient method 
for the separatioji of two metals, e,g. copper from zinc ; more es])ecially, 
however, it iinds use as a standard volumetric reagent for iodomctric 
processes, but its use as a standard can even be extended to acidimetry 
and alkalimetry, the reaction 


2 Xa 2 S oO 3 -t- 3HgCU - 2H ,0 = 2Xa ,SO , -IHCI ligCl ,.2 HgS 


allowing a standard solution of sodium thiosulpliatc to be used for 
checking alkali solutions for volumetric analysis (see p. 205). 

Fused hydrated sodium thiosulphate may be used as a cryoscopic 
solvent.^ 

Constitution, — The claims of two formulm for tlic coiistitution of 
thiosulphuric acid have in the past called tor serious consideration, the 
O. .SH S , /OH 


formuhe beina 


and 


0^' ^OH -OH 

The latter is of more recent date and the evidence in its favour is 
not very considerable. From the fact tliat sul[)huryl chloride is not 
produced by the action ol’ phosphorus pentaehloridc on sodium thio- 


sulphate, the absence of the 


O. 




grouping has been argued ; ^ 


the 


0^' \ 


reaction between an alkali thiosulphate and potassium cyanide with 


^ Xab], 1900. 33, 35b4 ; Monatsh., 1901, 22, 737: VVillstaticr, Bcr., 1903, 36, 
1S31 ; Abe], jZtklrochon., 1911, i8, 705; 1913, 19, 4S0 ; MrnuitB/., 1907, 28, 

1239 : 1913, 34, 177, J-2,'), S21 : Tarugi and Vitali, GazztUa, 1909, 39, i., 418. 

llnnly,A7^/?.ft/67.', 1842, 43, 150 ; VobI, ibuL, 1855, 96, 273 ; WeHtinoreland, J . Soc.ClteriL 
Ind., 1886, 5, 51 ; Zimmermann, ZeiiscJi. anal. Chem., 1888, 27, 62. 

^ Boutaric, Chaiivenet and Xabot, Conijji. rend., 1924, 178, 571. 

Buchanan, Ber., 1870, 485 : Blomstrand. ibid., n. 960. 
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formation of alkali sulpliite and potassium thiocyanate ^ lias also been 
addneed as an argument in fa\'our of tlie diliydroxy constitution, as 
also has the ap])arently analogous instability of thiosulpliuric and 
sulphurous acids as com})arcd with sulphuric acid.- 

The fact that the ultimate products of the atmosplieric oxidation of 
sodium thiosulphate are sulphur dioxide and sodium sulphate may be 
exjdained by assuming a primary decomposition into sulphite and 
sulphur (traces of tlie latter always being present in the salt), and 
subsequent oxidation of these. ^ 

On the other liand, much stronger evidence is available in favour of 
th.c earlier formula^ whicli accords well witli tlie relationship between 
the acid and tlie polythionic acids, The formation of sodium thio- 
sulphate by Spring's syntliesis from sodium sulphide and sodium 
sulphite (p. 10-1) is dehnitely favourable to this constitution, as also 
especially is the fact that an alkali thiosul[)hatc will react with only 
an equimolccular proportion of an organic (alk\'l) halideT the product 

/SR 

most certainlv ha\ung the constitution , where nl represents 

the alkali metal and R tlie newly introduced organic radical. For 
examjile, in sodium ethyl thiosulphate, the juxtaposition of the ethyl 
radical and the sulphur atom is clearly proved by the facts that acids 
cause the production of ethyl hydrogen sulphide, CoH^.SITd" whilst 
electrolytic reduction or the action of alkali yields ethyl disulphide ^ 
and oxidation produces ethyl sulplionic acid, C.2H5.S02.0H.° 

In ^'ie^v of such evidence it appears impossible to avoid the con- 
clusion that the two hydrogen atoms in thiosulpliuric acid must be 
dilTerentlv linked to the central atom, namelv bv a sulphur atom and 

/SH 

an oxvgen atom, respectivelv. The formula )S\ is also stated 

O' ^OH 

to agree better with the strength of the acid, as sliown by the relative 
inertness of the alkali salts towards acetic acid,^ and witli the electro- 
lytic conductivity of the salts.^ 

Indications have been obtained of isomeric salts of the constitutions 

0/ /OXa O-/ /OK 

^).Sq and . and if such a result could be placed 

O^" \SK O"" \SXa 

beyond doubt, convincing evidence of the correctness of this formula 
for the acid would be forthcoming; the result, however, needs careful 
re-examination. 

^ Giiimann, Ber., 190;“), 38, 1728, 3276 ; 1906, 36, 509 ; 1907, 40, 3614. 

“ Buchanan, Joe. af.: Blomstrand, loc. cit. 

^ Picon, Cor/ipt. re fid., 1924, 178 , 1;j48. 

Odlmir, Trans. Ghent. Xoc., 1869, 22, ISO, 256 ; Schorlemmer, ibid., p. 254; WiUiam- 
son, ibid... p. 259. 

-Mendthecir, Bv.r., 1870, 3, 870. 

Biinte, lijid.. 1874, 7, 646. 

" Price and Twiss, Trans Chenn. Soc , 1907, 91, 2021 ; 1908, 93, 1395 : 19u9, 95, 1489; 
Twiss, ii)id., 1914, 105, 36, 1672. For further reactiori>; of oraanie Ihiosulpliatc.^, see 
Heller, J . praki. Cheni., 1924. [li.], 108, 257 ; Footner and Smiles, Trafis. Cheat. Soc., 1925, 
127, 2887. 

® iMattliieu-Plessy, Crj-mpt. rend., 1885, lOi, 59. 

Whilden, Zeiisch. physikai. Chem., 1887, i, 536. 

Schwicker, Ber., 1889, 22, 1733. See also Drcchsel, J.prakt. Chern., 1871, [ii.], 4, 20. 
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Sudi a constitution suggests that thiosulphuric acid is a mixed 
anhydride of sulphuric acid and hydrogen sulpliide,, tlius : 


o. / on 

q/' Noh H| sn 


and in aqueous solution one would expect decomposition to produce 
sulphuric acid and liydrogen sulpladc rather than sulphurous acid and 
sulphur. Piccard and Thomas A by allowing sulphur trioxide and 
hydrogen sulphide to react in carbon dioxide solution at the tempera- 
ture of liquid air, obtained a ]woduct which they jwesumed to be the 
true mixed anhydride. This compound contained a sexavalent central 
sulphur atom, the added sulphur atom being in the place of a negative 
bivalent oxygen atom of sulphuric acid. Ordinary thiosul]diuric acid 
was considered to be an electronic isomeridc oi‘ this compound, with a 
quadrivalent central atom, the added sul])hur atom being neutral. 
The differences are expressed in the following co-ordinative formuhn : - 






H- 

-j- b ^ ' 

-O’' 

"True'' thiosnlpluirio acid. 


i 

[-0’^ 


H"- 

H- 


Ordinaiy thiosulphuric acid. 


Detection and Estimation. — The dcc()m])osition of thiosulphates 
by means of hydrochloric acid to yield sulphur dioxide with separation 
of sulphur serves as a primary identillcation test, the limit of sensitive- 
ness being about OT mg. SoO.j per c.c.^ The alkali thiosulphates 
produce with silver ititratc solution a white precipitate of thiosuI})hatc 
which gradually turns yellow, then brown, and finally black, due to the 
formation of sulphide : the change is accelerated by warming : 


AgoS ,0 3-1-1120 - AgyS -f 1 1 oSO 

This test is ]()0 times more sensitive than the acidification test.'' 

Precipitation with copper sul])hatc (sec p. 200) also affords a test 
which is considerably more sensitive than the acidiheation test, and 
tlic result is not affected by the presence oi‘ polythionates. 

Lead salts similarly yield a ]weci])itatc of thiosulphate, soluble in 
excess of alkali thiosulphate, which also blackens on warming, but the 
decomposition of the lead thiosulj)hatc is less straightforward, a con- 
siderable quantity of sulphur being |)rcsent in the greyish ]')roduct.^ 
Barium chloride with a concentrated solution of an alkali thiosulphate 
forms a crystal] inc prcci])itate of sparingly soluble barium thiosulphate, 
of which one part dissolves in 480 of water at 18'' C.^ 

A solution of a thiosul])hatc also exhibits certain striking colour 


^ Piccard and Thomas, IfeJr. ('Ithn. Acln, 6 , 10132. 

“ Co-ordination i'ormnhc have boon siioo-estcd bv otlicrs ; s(;c for example Feigl, Be.r., 
1923, 56 , [B]. 2086. 

^ PLackl, Chtiii. 1923, 47 , 174. 

Fopb, CoiivpL rend., 1S90, no, 709 ; Ann. Chini. Phyn., 1S90, [vi.], 21 , 56. 

^ Hackl, loc. cit. 

^ Riesenfcld and Grunthal, Medd. K. Vd.-Ahud. yohcl-InsL, 1925, 6 , Xo. 9, 1 . 

' laktor, Zeitscli. anal. C/iern.., 1900, 39 , 351; Norton, Chem. yvnes, 1901, 89 , 254; 
Perkins and King, Tra/ns. Chem. Sac., 1913, 103 , 300. 

® Autenrieth and Windaus, Zeiisch. anal. Chern., 1898, 37 , 290. 
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reactions^ With ferric chloride solution a transient violet colour is 
obtained. With sodium nitroprusside which has been exposed to the 
atmosjdicre until it has become brown, a blue coloration is produced v 
whilst the thiosulphate solution, after reduction with sodium irydroxide 
and a little aluminium, gives with a fresh nitroprusside solution the 
violet colour characteristic of a sulphide.'*^ Very small quantities of a 
thiosulphate are sunicient to give a blue " ring test '' when the 
solution is carefully poured on to a mixture of ammonium molybdate 
solution with concentrated sulphuric acid.^ 

Other reactions readily available for the detection of a thiosulphate 
include reduction to hydrogen sulphide by most reducing agents, for 
instance by zinc and hydrochloric acid, oxidation to sulphuric acid or 
a sul} 3 hate, and formation of a thiocyanate on warming with an alkaline 
solution of a cyanide : ^ 

Na oS oO ^ -f KCX - Xa.SO 3 + KCXS. 

When solutions of iodine and sodium azide are mixed, no reaction 
occurs, but in the presence of thiosulphate vigorous evolution of nitrogen 
occurs. The reaction is extremely sensitive,^ the thiosulphate being 
effecti^'e at a dilution of 1 in 6 X and is not brought about by ele- 
mentary sulphur or by any other sulphur compound except sulphide 
(see p. 65) and thioc 3 ’anate. 

The most trust worth}' method for the gravimetric estimation of a 
pure thiosulphate is oxidation to sulphuric acid, for example by means 
of chlorine or bromine, or by the addition of an alkali salt of a halogen 
0 x 3 - acid, and then precipitation with barium chloride. 

Of volumetric processes, titration with iodine is the most commonl}^ 
applied : ^ 

An alternative principle for the volumetric determination is to 
apph^ an acidimetric process. The tliiosulpliate ma}’- be oxidised with 
h 3 'drogen ]:>eroxide in the presence of a known quantit}’ of an alkali in 
excess and the excess of alkali measured b}' titration with standard acid,® 
or the oxidation ma}^ be effected with ]i 3 Tlrogen peroxide alone and the 
resulting acidit}' dirceth' titrated witli a standard alkali : ^ 

Xa,S ,0 3 ~ 411 ., 0 Xa,SO_, -t-H SO, +:3H , 0 . 

The acidimetric procedure ma\^ be applied, however, in quite a 

^ For a sensitive colour reaction in the presence of nitrous ions, see Falciola, Gazzeita, 
1922, 52, i., 179. 

- Casolari, Gazzetia, 1910, 40, ii., 389, 

^ De Konnick, Zeitsch. anal. CJiem., 1887, 26, 26. 

Pozzi-Escot, Bull. Soc. chini., 1913, [iv.], 13, 401. 

Pechmanii and Manck, Bor., 1895, 28, 2377 : Giitmann, Zdisch. anal. Oitem., 1907, 
46, 485. 

^ Feiuk Zeitsch. anal. Cheni., 1928, 74, 369. 

‘ For the use of the lodometric method in the analysis of mixtures containing sulphide, 
sulphite and tliiosulphate, see Kurtcnacker and others, Zt'itsch. a)iorg. Chem., 1924, 141, 
297 ; 1927, 1 61, 201 ; and for mixtures of sulphide, polysulphidc and thiosulphate, see 
Sehulek, Zeitsch. a/wl. Ohern., 1925, 65, 352. For titration methods usinu potassium 
iodate, see Jamieson, Ainer. J. Sci., 1915, 39, 639; also fvanorf, J. BiidS. Bhijs. Cheni. 
Soc., 1914, 46, 419 ; Dimitrow, Zeitsch. anorg. Cheni., 1924, 136, 189. 

Eliasberg, Bar., 1886, 19, 320. 

^ Besson, Cheni. Zeit., 1913, 37, 920. 
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• MUoride reacts with thiosulphate solutions 
different manner ; of a “ thiochloride,” Hg^SoCl, or 

'2Na,S,P3+sHgCl2+2H.O 


= 2 Na 2 S 04 


-4.HCl+IigCl2.2HgS. 


2Na2S203+SHgu.2^^^*. - . 

Bv titration of the res^l^^ing acid tti « advantage of being 

fan be calculated. This method ha^ ^ .^^e, 

. a" Focess l«s be.,, propos.d u»,g 

*"'''“ti:;CC!o;+H.,O.Ag,S+H,SO.+®BNO,. 

The Polythionic Acids. 

The term “ polythionic acids ^ from ^2 to 6, the various 

SnbIrSThe ^fuf ^1- names dithionic acid, 

trithionic acid, etc. obtained only in aqueous solution. 

Dithionic Acid, aqueous suspension of ferric 

If sulphur dioxide is Pf fgrric sulphite is first produced 

hydroxide at 0“ C., , "en solution of ferrous sulphite and 

which then changes to a pale green 

ferrous dithionate . 


2 Fe( 0 H) 3 +SS 02 = 

¥ 62 ( 803 ) 3 ^ 


=Fe. 2 (S 03 ) 3 -r 3 H. 20 , 

=reS 03 +TeS 20 (i. 


Bytheadditionofb™rh^^^^^^^^^ 

dithionate can be obtai^d whi h, dithionic acid ; 

quantity of ,'ome extent bv evaporation at the ordinary 

this can be concentrated to some ex too far, decomposi- 

temperature, but if the f diohdrSid « so 

tion ensues, with formation of sujihurdioa^ tsolated by removing the 
desired, the banum dithionate itse carbon dioxide and then 

excess of barium hydroxide tallisation occurs. . , 

allowing the solution e^ap seeifthat the ferric hydroxide, in 

In the foregoing process oxidising agents are also apphe- 

effect, acts as an oxidising ferric hydroxide, 

able, but the results ® ^stac and Welter ^ discovered dithionic 

.cJ™ SrSStbrotsulJl,,.™^^ add with i «“ 

reaction is frequently represented as 

MnO . 2 + 280 2 = MnS jO ^ , 

bwt hi reality it is shore co.hplex »d f e dithta^ 

pained by a preponderating quantity of sulphate. 

O n. IQIA on 11 16; Ze.itsch. anal, them., 

1 Sander ZetocA. ZeUsch (mgew. Ohem., 191b 24. 1161. 

1Q16 340: c/im. nJLo, 39; ’ th ’ 

hBodnar, Zeiisch. ' ‘ 

3 Debus, Trans. Chem • fteubcD and Elteui, uiiori/. Cto 

d Gets, AmuChim. Phys.,l^b-2, [m.J, ^S, 2-- , heub (jazzelia, 1902, 32 , i-, oH 5 

1893,4,86; Carpenter 33 , 34 , 9 . 
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possible tliat tlic ditliionate and sulpliate are produced by two inde- 
pendent concurrent reactions^ the dithionate reaction being favoured 
in' a low tcin])erature whilst rise in temperature favours the production 
of suUluite. the more probable course of the change is the primary 
formation of manganic sulphite, which subsequently decomposes, 
gi^■ing manganous sulpliite and dithionate,- in a manner analogous to 
tiiat described with CeiTic hydroxide : 

2MnO o ^ :3H.SO o - Mn ..(SOs ) 4-3HoO - O, 
Mno(Sb.0a=M]iSO3+MnSoO,, 
MnS03-|-b=3inS0^. 

This view is favoured by the observatioii that not only does ferric 
hydroxide give a similar result, but manganese trihydroxide and cobalt 
trihydroxide also produce a small quantity of dithionate.^ whereas the 
peroxides, whicli generally are derived from metals of unvarying 
valency (see Vol. VII., Part I., of this Series, p. 54), oxidise sulphurous 
acid only to sulphuric acid or a sulphate. Lead dioxide ^ reacts but 
\'ery slightly with sulpliurous acid, probably on account of the sparing 
solubility of the })roducts, which coat the particles of dioxide and 
prevent further action. Chromates and dichromates in acid solution 
coiu’crt sulphurous acid to a small extent into dithionic acid, and again 
it will be noticed that the metal, in this case chromium, is of variable 
valency. Permanganates ^ give a similar result with sul})hurous acid, 
and even gradual atmospheric oxidation ' of the acid or ammonium 
hydrogen sulphite solution will give rise to some dithionic acid. 

Alkali sulphites in boiling aqueous solution dissolve selenium with 
formation of a selenotrithionate, which subsequently decomposes giving 
the alkali dithionate : ® 


KoS.ScOg-KoSPe-Se. 

Contrary to earlier views, alkali dithionate is not obtainable by the 
action of iodine on the corresponding alkali hydrogen sulphite. sulphate 
being the sole product given. Conversion of sul}:>hite into dithionate, 
however, can be elTected by eledrolijsh,^^ the results not being due to 
the coupling of discharged sulphite ions but to anodic oxidation of the 
sulphite, sulphate also being formed: 

2Xa o S O 3 - 7 - 0 H- IT oO = Xa oS .>0 g + - X aOIT. 

The electrodes should be of smooth platinum, and the 3 deld is increased 
if the anode is heated for a short time immediately before use. Previous 

^ Spriira and Bourgeois, Bull. Soc. chim., 18S6, [li.J, 46 , 151. 

- Ueyer, Bfr., 1901. 34 , 3606 ; 1902, 35 , 3429. 

^ Carpenter, loc. cit. 

* RammeLberg, Atm. Fhys. Che/n., 1S4G, [li.], 67 , 504. 

Berthier, CJidh. Phy-s., iS43diii.J. 7 , 77 ; Bassett, Pioc. Chon. Soc., 1903, 19 , 54 . 
i^eaii do . Gilles, Anti. ^Pn itn. Phy-^., iSnO, [iii.]. 55 , 374 ; Buignet, J. Phann., 1859, 
[ill.], 36 , 113 ; Dymond and llngbes, Proc. Chon. BUr., lS97, 71 . 314. 

' tiaequelain, Ann. Chitn. Phys., 1847, [111.], 21 , 110 : Roc-hieder, SAzuny-iber. K. Akad. 
irUn [{o-re/, 1856, 22 , 280. 

^ Raihke and ZseliiescOic, J . ptuJd. Chon., 1864, 92 , 141 : Rathkca ibid., 1866, 97 , 56. 
dokolow and 51arehle\vski, Bor., 1881, 14 , 2058 ; Spring and Boiirueois, Bull. Snic. 
chim., 1886, (ii.j, 46 , 151 ; 1891, [ni.j, 6 , 920 ; Otto, A?clr. Phann., 1892, 230 , 1 . 

Forster and Friessner, Bcr., 1902, 35 , 2515 ; Fnessner, Ztiiuch. Blddtuchon., 1904, 
10 , 265 ; Essin, ibid., 1928, 34 , 78. 
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anode polarisation is also advantageous. Addition of ammonium 
fluoride, O-l' per cent, maximal, increases tlie yield when the anode 
has not been preheated, but otherwise has an adverse effect. Under 
favourable conditions a yield of -15 per cent, of dithionic acid may be 
obtained, the maximum possible from theoretical considerations being 
about 50 }3er cent. 

When sih'cr sulplhte or a mixture of sodium sulphite and silver 
nitrate is heated in boiling aqueous solution, decomposition occurs with 
formation of silver dithionate.^ 

Thiosulpliates, e.g. sodium thiosulpliate, are oxidisable to polythion- 
ates by the addition of the requisite quantity of hydrogen peroxide. 
If the reaction mixture is allowed to become alkaline, dithionate, tetra- 
thionate and sulphate are produced : “ 

4NaoSo03 + SI-IA==2NaoS04+Na..SoO,-rXa2S406~8l-I,0. 

Oxidation of thiosulphate to dithionate can also be effected in dilute 
acetic add solution with potassium permanganate ; in alkaline solution, 
sulphate is the only product. 

The acid is known only in aqueous solution and in the form of 
its salts, the dithionates or hiji^osulpliaies, the latter name now being 
infrequently used. 

The aqueous solution is odourless, but possesses an acid taste ; 
its electrical conductivity shows that dithionic acid is to be classed 
amongst the strong acids. ^ Tlie heat of formation ^ of aqueous 
dithionic acid relative to its elements and the solvent is represented by 
the equation; 

IT 2 + 2 S -f 30 2 d- A q. = PI oS 2 O p, , Aq. -f- 2 * 4 C alor ies . 

TTie molecular weight and basicity of the acid were at one time in 
question, the fact that no acid salts are formed giving the incorrect 
impression that tlie acid was monobasic.^ By OstwalcPs method for 
the determination of the basicity of an acid from the increase in the 
molecular conductiidty of an aqueous solution of the sodium salt on 
dilution," and by measurement of the molecular weights of the salts in 
aqueous solution,® it was subsequently demonstrated that the acid is 
dibasic and of the double molecular formula IT 2 S 2 OQ. 

In aqueous solution at the ordinary temperature, the concentration 
of the acid cannot be raised beyond that corresponding with a specific 
gravity of 1*35, on account of decomposition according to the equation 

TUSoOg -i-IIoO^HoSO^ AlIoSOs, 

which occurs at any concentration on heating.^ In dilute solutions 

1 Baubigm^ ConLpt. rend., 1910, 150, 466, 973. - Nabl, Momdsh., 1901, 22, 737. 

3 Bean de St. Gilles, loc. cif. ; Fordos and Gelis, J. Pharni., 1S59, [lii.], 36, 122 ; Honig 
and Zatzek, Be?-., 18S3, 16, 2661 : Luc-kow, Zcitsch. anal. Ckem., 1893, 32, 53. 

‘ OstAvald, J. prali. Client., 1885, lii.'l 32, 315; Hertlein, Zeitsch. physikal. Chem., 
1896, 19, 300. 

Ihomsen, Ber., 1872, 5, 1016 : 1873, 6, 1535 ; Eertbelot, Cornpt. rend., 1889, 108, 

777 . 

Kolbe, J. praJd. Cheni., 1879, pi.], 19, 485. Sec also Trey, ibid., 1886, [ii.], 34, 353. 

“ Ostwald, Zeitsch. physikal. Chem., 1887, i, 106. 

® Meyer, Ber., 1901, 34, 3610. 

^ Gay-Lussac and Welter, Aim. Chini. Phys., 1819, 10, 312 ; Yost and Pomeroy, J, 
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(3 to 4 per cent.) the decomposition proceeds to tlie extent of 3 per cent, 
in 945 hours at 25° C., and 20 per cent, in 245 liour.s at 47' C.'" 

Dithionic acid solutions are remarkably resistant to oxidation ; 
the cold solutions withstand the attack of hyjoociilorite. hypobromite 
and permanganic acid, althougli on boiling, these reagents become 
reduced by the suljdiur dioxide liberated in tlie decomposition of the 
ditliionic acid : sodium peroxide effects a partial oxidation in the cold.- 
Heduction by sodium amalgam or by zinc and an acid produces 
sulphurous acid : 

HoSo06-r2lI=2H,S03. 


The Bithionaies or Hyjjosuljyhates , — These salts, like the nitrates, 
are all soluble in water ; only normal salts arc known. Tlmy mav be 
obtained by neutralising dithionic acid solution with, tlie hydroxide of 
the base, and also by double decomposition between barium ditliionate 
solution and the sulphate of the base, or between manganese dithionate 
solution and the hydroxide of the base ; ^ also bv methods on ])p. 206-8. 

.OXa 

Sodium cthvl thiosulphate, SO.>y . decomr)oses slowlv at 100° C. 

■Xscjr/ 

with the formation of ethyl disulphid'e and sodium dithionate.^ 


SOLUBILITY OF DITHIONATES IN WATER AT 20° C.'^ 


Salt. 


Grams of Salt in 100 
' grams Solution. 

1 XaoS.>Oe.2lLO 


13-39 

1 KoSoO,. 


. : 6-23 

1 2(XHJoSoO,.I-LO . 


62-43 

i MgSoOc-GHoO ' . 


33-01 

i CaSoO(^,.4H.X 


. 'i 20-25 

^ SrSjb,.4HX 


. i 10-80 

i BaS.,0,.2lTO 


. 1 15-75 

i CuS..O,.4lTO 


. 1 44-91 


Of the dithionates, tliose of the alkali and alkaline earth metals are 
the most stable and may be heated in acgieous solution up to 100° C. 
without decomposition. When heated alone, the dithionates decompose 
readily with formation of sulphate and sulpluir dioxide ; some of them 
indeed are so unstable that they are not obtainable in a pure condition. 

^Mineral acids decompose ditliionate solutions only on boiling, sulphate 
and sul})hur dioxide then being produced : for this reason permanganate 
is decolorised only by hot acid solutions.^ Iodine solution is slo^vly 

^ do Eaat„ Bee. Trav. chim., 1926, 45 , 237. 

~ Long] and Bonavia, Gazzetta, 1S9S, 28 , i., 321. 

^ Spring and Bourgeois, Bull. hoc. chim., lS9i, Liit], 6, 92n ; Otto, Aunahn, 1S6S, 147 , 
187. 

Mulleiv Ball. Soc. chim., 1909, [iv.], 5 , 1119 : 1911, [iv.], 9 , 183. 

Hertlein, ZeitscJi. 2 Aiij-sibd. Chem., 1S96, 19 , 289. 

Bunte, Ber., 1874, 7 , 647. 

' de Baat, loc. cit. ® Carpenter, Proc. Chem. Soc., 1901, 17 , 212. 
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decolorised, due to the gradual formation of sulphurous acid, the final 
product being an acid sulphate. ^ 

In the presence of such reagents as bromate, iodatc or dichromate, 
the rate of oxidation is independent of the nature or concentration of 
the oxidising agent, but is the same as the rate of deeomix)sition to 
sulpliate and sidpliite, so that it is evident that hydrolysis is the first 
stage in the oxidation.- 

L or the constitution and estimation of dithionic acid and its salts, 
sec later (pp. ‘221-4). 

Trithionic Acid, H 2 S 30 (.. — Formation. — ( 1 ) From, Tldosulphaies : 
Potassium thiosulphate in concentrated aqueous solution reacts witli 
sulphur dioxide forming potassium trithionatc : ^ the reaction is some- 
times represented as 

2K2So03-!-3S02 = 2KoS306^S, 

but this does not quantitatively represent the change, some tetra- 
thionate and pentathionate also being produced, whilst the quantity 
of sulphur liberated is correspondingly less.^ The trithionate crystallises 
from the solution, and the free acid is obtained in the solution by 
treatment with hydrolluosilicic acid (see p. 211). 

A similar formation of trithionate can be effected by rccrystallising 
a mixture of potassium thiosulphate and potassium hydrogen sulpliite 
in aqueous solution.'' It is probable that the method by which 
potassium trithionate was first ju’epared depended on the same reaction.^ 
Potassium liydrogen sulphite solution was warmed with sulphur for 
se\'cral days, with the result that sulphate, thiosulphate and trithionatc 
were obtained, the formation of the last-named in all probabilitv 
occurring by way of the thiosul])hate. 

By the gradual addition of hydrogen peroxide to an ice-cold aqueous 
solution of sodium thiosulphate, it is possible to convert the latter into 
trithionatc, the changes 

8 Xa oS ,0 3 41 1 ,0 . = 2 Xa .,S 3 O , - 311 .,0 - 2 XaO II 
and XaoS; 03 -^ 2 XaOII+ 4 ll 2 C) 2 - 2 Xa 2 SOj-|- 5 lIoO 

occurring simultaneously.” 

Certain double salts of thiosulphuric acid when heated with water 
undergo decom])osition with production of trithionate ; thus the 
sodium-mercurous salt decomposes according to the eepuation : 

2 XaIIgS .0 3 - 1 Ig oS -- X a oS .f ) , . 

At one time it was believed that trithionatc could be synthetically 
produced by the action of iodine on an aqueous mixture oJ‘ sodium 

^ Hocf(;n, Ann. PJnj.^. Chem.., 1826, [ii.], 7, 00 ; Rammc'lsbcrg, ilnd., 1841), [ii.j, 59, 472 ; 
1866, [li/l, 128, Ao’2 : Kraut, A/HLalcn, 1861, 118, 96 ; ]S8<), 250, 266 ; Fock, Zinisch.. KryM. 
Mill., 1882, 6, 161 ; 1888, 1 ^, 340; Eoc-k and Kluss, Bcr., 1894), 23, 3001, 

4 Yost and Pomeroy, loc. cit. - Plcssy, J. prakt. Chr/n., 1844, 33, 348. 

Debus, Annalen, 1888, 244, 170 : Hertlein, ZeU.sch. phy.sikfn. Cfu-m., 1896, 19, 291 ; 
\ illiers, Compt. reiid., 1889, 108, 42 ; Baker, Cham. Mews, 1877, 36, 20.3. 

^ Bathke, J. jyrahi. Cham., 1866, 95 , 1 . 

Langlois, Cermpt. rend., 1840, 10, 461 ; AiihnJen, 1841, 40, 102 ; Compt. rind., 1866, 
62, 842. See also Pierron, thill. Sac. chirn., 1899, [111. j, 21, 477, for another method of 
forming trithionic acid, probably depending on the interaction ot sulpliur dioxide and 
thiosulphate. 

W illslattcr, Bar., 1903, 36, 1831 ; TaruLU and Ahtali, Cazzithn 19'09, 39, i., 418. 
mSpring, Rcr., 1874, 7, 1169. 
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su]p]i.ite ai)cl tliiosuI])hateP the reaction being assumed to accord vcitii 
the equation : 

Xa2S03-rXaoS203 — l2=XaoS30^3— 2Xai. 

Subse([ueut investigation indicated that this view of the reaction was 
erroneous, and tliat any trithionate obtained was actually due to a 
secondary reaction between tetrathionate and sulphite.- 

(2) From Sulphites: Potassium hydrogen sulplute, when keipt in 
aqueous solution for a long time with exclusion of air. undei'gocs 
spontaneous cliange witli formation of sulphate and trithionate.-'^ Tlxc 
change, which is commonly represented as 

10KHSO3=5K2SO^d-H2S3Oc-f-2S-!-4ir2O, 

is possibly connected with the decomposition of sulphites into sulphate 
and sulphur (]). 132). 

Trithionate is also produced when sulphur dioxide is passed into a 
mixture of solutions of potassium sulphide and potassium iiydrogen 
sulphite : ^ 

K 2S -h 4KHSO 3 -L 4SO 2 - 3K .S 3O g + 2II oO . 

Sulphur chloride or dichloride can convert potassium sulphite into 
trithionated the equations being 

2 K oSO 3 - S .>C1 o = K oS 3O 6 d- 2KC1 -f S, 

2K2S63d-SCl2=-K2S306d~2KCl. 

(3) Trithionic acid is found together with sulphuric, sulphurous and 

thiosulphuric acids in the reaction product from the decomposition of 
nitrogen sulphide, with water,^ 

(4) In the oxidation of alkali sulphides or polysulphides by potassium 
permanganate solution at the ordinary temperature, trithionic acid has 
been found amongst the reaction products, in addition to sulplniric acid 
and sulphur/ 

(5) The spontaneous degradation of the higher polythionates gives 
rise to trithionate (see p. 219). 

Properties. — Trithionic acid is the least stable of the polythionic 
acids. The aqueous solution of the free acid, which is generally obtained 
from a cold concentrated solution of the potassium salt by the addition 
of a suitable acid, such as hydrofluosilicic or perchloric acid, which will 
remove the metal as a sparingly soluble salt, slowly decomposes, even 
at the ordinary temperature, with formation of sulphur, sulphur dioxide 
and sulphuric acid : 

H2S306=Il2S04-T-Sq-S02. 

TliC decomposition is really due to hydroh'sis, the primary products 
being sulphuric and thiosulphuric acids, the formation of the former 
causing the decomposition of the latter,^ the presence of which is 
consequently difficult to detect (see p. 213). 

^ Spring, loc.cit.: Ckfifti. Ntiva, 1892, 65 , 247. 

- Colefax, Ckem. Sews, 1892, 65 , 47 ; 66 , 292 ; T rans. Client. Scjc., 1892, 61 , ISJ, 1083. 

Saint-Pierre, Compt. rend., 1866, 62 , 632. 

' Chance] and Diaeon, ibid., 1863, 56 , 710. 

■’* Spring, Ber., 1873, 6 , 1108. See also Debus, Annahni, 1888, 244 , 172. 

Puii and Gei.<el, Ber., 1904, 33 , 1573. ‘ Honig and Zatzek, ibid., 1883, 16 , 2661. 

^ Foerster, Zeitsck. anorg. Chem., 1925, 144 , 337. 
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Tlie pure add has not been isolated, but the moderately concentrated 
solution is an odourless, clear, slightly viscous liquid, which is not very 
strongly acidic, although it possesses an acid taste. The heat of 
formation ^ of the acid from its elements is given by the equation : 

Ho + ;3S-!-;iO,+Aq.--=IToS306.Aq. -^270-1 Calories. 

Oxidising acids such as nitric, chloric and iodic acids induce rapid 
decom])osition of trithionic acid with formation of sulphur and sulphuric 
acid ; - the presence of other acids, for example hydrochloric, per- 
chloric or dilute sulphuric acid, also hydrogen sulphide, is without 
any harmful effect.^ Addition of sulphurous acid causes the gradual 
formation of a mixture of all the polythionic acids. 

Copper nitrate and mercuric nitrate when heated with the aqueous 
solution give a black precipitate of the corresponding sulphide ; mercuric 
chloride in excess causes the precipitation of the white substance 
2HgS.IIgC]o (see p. 200) ; silver nitrate ])roduces a white precipitate 
which gradually becomes black due to tlie formation of sulphide. 

The Trithio)iaies . — These salts are of the general type X2S3O3, 
where X represents the equivalent weight of a metal ; the alkali salts 
are the best known. ^ 

When heated alone the salts decompose with liberation of sulphur 
and sulphur dioxide : ® 

K.SgOe^KoSO^-i-SOo + S. 

In aqueous solution alkali trithionates gradually undergo decom- 
position with formation of sulphate, hydrogen sulphite and tetrathionatc. 
Tlie course of the main reaction may be expressed ionically as follows : ' 

{ a ) 830/4-11.0 = 8003" -hSO/-2H-, 

[h) 830/d-8o03"4-iT = S,06"4-S03TU. 

A trace of pentathionate is also found in the solution after tlie lapse 
of several days, probably formed according to 

5So03"-h6H-=28503"-rSlToO. 

The decomposition is accelerated by the presence of acid, and sulphur 
is deposited : 

(c) So03"4-I-r=HS03'-rS. 

In the presence of alkali ^ decomposition is fairly rapid, sulphite gnd 
thiosulphate being the chieC products : 

28 3O e" 4- 60I-r = 8 oO 3" -4803" . 


^ Thomsen, Ber., ]S72, 5, 1019 : Berthelot, Coinjd. rend., 1889, 108, 77o. 8ec Abogg, 
Han.dhucli dtr slnorgcuuschen. Clu^niie, vol. iv , 1, p. 556 (Leipzig, 1927). 

- Kessler, An}i. Fhys. Che.ni., 1848, [ii.], 74, 250 ; Langlois, Compt. rtnd., 1840, 10, 461 . 

^ Fordos and Gelis, Ann. Chim. Fhys., 1850, liii.l, "28, 451; 1874 7 

1159. ^ 

Spring, loc. cit. See also Willstatter, Ber., 1903, 36, 1831. 

^ Alackenzie and Marshall, Trans. Chem. Soc., 1908, 93, 1726 ; hlarsliall, J. Sue. Chevi. 
-^^idy 1497, 16, 396. ^ 0 Langlois, loc. cit. 

‘ Knrtenackcr and Kaiifmann, Zeitsch. anorg. Cdiern., 1925, 148, 4;f, 225, 256, 369. 
See also Debus, Joe. cit. ; Pelouze, Ann. Chim.. Fhys., 1840, 79, 85. 

^ Fordos and Gelis, Chim. Fhys., 1850, [hi.], 28, 451 ; J. p)rald. Chem.. 1850, 50, 
S6 ; Muck, Ber.. 1871, 4, 446 ; Spring, loc. cit. ; Berthelot, Compt. rend., 1889, 108, 927 • 
Foerster and Hornig, Zcitsch. anorg. Chon., 1922, 125, 86 ; Kurtcnacker and Kaufmaiin’ 
loc. cit. ' 
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Thiosul])luite is the swle product on treatmcuL with an alkaii sulnhide : ^ 
K.S 3O, -f XaoS - K,S 0O3 -Xa .>S .0 3. 

The decomposition ot tritliionates in aqueous solution is onlv sliglitly 
intiueneed i)y the addition of sulphites or thiosulphates, although the 
latter catalytically accelerate the decomposition of tetra- or penta- 
thionates under similar conditions.- 

In the presence of hydrogen sulphide the reaction is extremely slow, 
and is retarded by the presence of acid : 

S30/-II.S==2S.03"~-2H', 

S303"-f2lL,S~2H--3lI.30-rfS. 

On adding potassium trithionate to a cold solution of copper acetate 
and keeping for several days in the dark, transparent yellow monoclinic 
prisms separate. These have the composition KoSo03.CuoS.,03.2K.,0, 
ix. potassium cuprous thiosulphate. They are unstable in air or *^011 
boiling with water, cupric sulphide being formed.^ This reaction 
demonstrates the formation of thiosulphate during the hydrolysis of 
trithionate solutions [cf. p. 211). 

The trithionates may be quantitatively precipitated by boiling for 
one hour with a mixture of copper sulphate and barium chloride solu- 
tions containing free hydrochloric acid : ^ 

S306"+8Cu-+6HoO = 3SO/ + SCu'-i-12H*. 

Tetrathionates and thiosulphates interfere, but not penta- or hexa- 
thionates. 

The salts derived from metals other than the alkali metals are 
relatively little known ; all are stated to be easily soluble in water with 
the exception of the mercurous, mercuric and silver salts, wliich are 
sparingly soluble. In describing the properties of the acid mention 
has already bcezi made of the precipitation reactions of the salts with 
silver nitrate and other salts, and of the behaviour of the salts towards 
the alkali hydroxides and sulphides. 

For the conMutioii and edimation of the acid and its salts, see p. 221. 

Tetrathionic Acid,H,S^03. — Formation . — (1) From Thiosulphates: 
As is well known, sodium tetrathionate is produced by the interaction 
of sodium thiosulphate and iodine : 

2Xa oS 2O 3 -f- 1 0 — XaoS 4O 6 A ‘^X'al. 

This reaction, discovered by Fordos and Gelis ^ in 1842, is a general one 
and applicable to all thiosulphates ; it is ionic in character ^ and 
therefore proceeds rapidly : 

2S.O,"Fl, = Sfi,"F2r. 

By using lead or barium thiosulphate a solution of the correspondino' 
tetrathionate can be obtained from which an aqueous solution of the 

^ Chancel and Diacon, J . jjrakt. Chem., 1863, 90, 55. 

- Kurtenacher and Kaufmann, loc. cit. 

^ H.ornig, Zeitsch. anorej. CVzem., 192S, 176, 423. 

Riesenfcld and Sydow, ibid., 1928, 175, 74. 

5 Fordos and Gelis, Cornpt, rend., 1842, 15, 920 ; A)Ln.. CJiim. Phys., 1S43, [lii.], 8, 349 ; 
Sander, Zeifsch. cingew. Chem., 1915, 28, 273 ; Portillo, Anal. Fis. Qnim., 1929, 27, 236, 
351. ® Hertlein, Zeitsch. ‘pliydkal. Chem., 1896, 19, 289. 
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free acid may be prepared by treatment with the calculated quantity 
of dilute sul})luiric acid. Lead thiosulphate gives better results than 
tlie barium salt, but it is not advisable to use hydrogen sulphide for the 
removal of the lead on account of the possible interaction of the hydrogen 
sulphide or the lead sulphide with the tetrathionic acid. On adding tlie 
recpiisite quantity of tartaric acid to a solution of potassium tetra- 
thionatedthe ])otassium is gradually deposited as the hydrogen tartrate 
and a pure solution of tetrathionic acid obtained after one or two days. 

Cldorine, bromine, hypochlorous acid and hypobromous acid also 
con.vcrt thiosulphate into tetrathionatc, but their activity is so great 
tliat the reaction tends to iwoceed still further, with formation of 
sulphate.- 

Many other oxidising agents can effect the same change in a thio- 
sulphate, for example permanganates,^ chlorates,"^ selenium dioxided 
barium peroxide,^ hydrogen peroxide ' and lead dioxided in tlie })rescnce 
of sullieient sulphuric acid to neutralise the alkali as it is produced : 

2 Na ,S ,0 3 + O -f HoO - Xa oS ^ -f- 2XaOH. 

Perdisul])hates likewise oxidise thiosulphates to tetrathionates, but do 
not need the presence of additional acid : ^ 

2 M., S.,03-fM.,S A =>12^406 -r2M.,S0,. 

Ferric salts and cupric salts are also able to convert thiosulphate into 
tetrathionatc ^ (sec also p. 201 ). The reaction with copper sulphate is 
as follows : 

3X a oS oO 3 d- 2 CuSO 4 = Cu .,S .>0 3 -f- 2 Xa oSO 4 —X" a oS 4 O q . 

A convenient method of preparing the potassium salt is to use this 
reaction, filter off the copper salt and to the concentrated filtrate add 
potassium acetate, when the tetrathionatc separates ; this, after removal, 
should be washed with alcohol. 

The obser\'ation that in the electrolysis of ammonium thiosulphate 
solution tetrathionic acid is formed at the anode also belongs to this 
class, because the process is not one of the coupling of discharged anions, 
but an anodic oxidation of the thiosul^^hate. 

Sulphur dioxide when passed through a solution of a thiosulphate 
gives rise not only to tetrathionatc but also to trithionate and penta- 
thionate.^- Under suitable conditions, however, with a high concen- 
tration of sulphur dioxide, the tetrathionate separates. The reaction 
is accelerated by traces of potassium arsenite.^^ 

^ Debus, Annaltri, 1888, 244 , 148. 

- Hertlein, loc. cit. ; Lunge, Ber., 1879, 12 , 404 ; Fordos and Gehs, loc. cit. 

2 Spring and Levy, Bull. Acad. roy. Belg.y 1876, 42 , 103. 

Sonstadt, Chem. Xeivs, 1872, 26 , 98. 

^ Xorris and Fay, Airier. Chem. J., 1896, 18 , 703 ; 1901, 23 , 119. 

^ Chancel and Diacon, Com-pt. rend., 1863, 56 , 710. 

' Xabl, Ber., 1900, 33 , 35b4. 

® Marshall, J. Soc. Chem. Ind., 1897, 16 , 396 ; Marshall and Mackenzie, Trans. Chern. 
Boc., 1908, 93 , 1726. 

Vortmann, Ber., 1889, 22 , 2307. 

Raschig, Schwefel- und Stickstoff-Studien, 1924, p. 273 ; Chem. ZeiL, 1924, ii., 1065. 

Pierron, Bull. Soc. chim., 1899, 21 , 477 ; Thatcher, Zeitsch. physikal. Clmn., 1904, 
47 , 691. 

Debus, Annalen, 1888, 244 , 169 ; Villiers, Ber., 1889, 22 , 222. 

Terres and Overdick, Gas- u. WasserfacJi, 1928, 71 , 49, 81, 106, 130. 
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In the interaction of sulphur inonochloride v/itii |r>tassiiiin Lliio- 
suli)liate, tetrathionate is obtained as the highest polythionate 
product d 

(2) Tetrathionic acid is present in the mixture obtained by tlm action 
of siil]:)hur dioxide on hydrogen sulphide in aqueous solution (see 
Wackenroder's solution/' p. 220). 

(;3) Pentathiojiic aeid solution- when treated with lead dioxide - or 
wlien merely allowed to undergo spontaneous decomposition, yields 
tetrathionic acid. 

Properties. — The free acid is known only in the form of its aqueous 
solution, which is without colour or odour. 

From the strongly acid taste, the heat of neutralisation with dilute 
sodium hydroxide ^ and the electrical conductivity of the solution, it 
a])pears that tetrathionic acid is a fairly strong acid,^ comparable with 
dithionic acid in this respect. The heat of formation ^ is given by the 
equation : 

Ho -r 4 S + 3 O 2 4- Aq. = H 2 S .jO g , Aq. + 2 6 0 • 8 C alor ies . 

It is the most stable of the polythionic acids, and a dilute aqueous 
solution can be heated to boiling without decomposition, although the 
concentrated solution undergoes decomposition giN'ing sulphurous and 
sul])liuric acids together with sulphur.® Mineral acids, excluding those 
of decided oxidising or reducing character, do not induce decomposition 
of the cold solutions. Alkalis, however, cause the formation of a mixture 
of thiosulphate and trithionate : 

4K2S,06d-6K0H = 5K2S203-2K2S.30g-f3H20, 

whilst in hot solution some sulphide may also be produced.^ With 
sodium carbonate the reaction is 

4Xa2S40g+4Xa2C03 — 6Xa2S203d-^'^%S30Q -T~^^^2SO.i"r4C02. 

Sulphur dioxide abstracts sulphur from aqueous tetrathionic acid 
gi\'ing trithionic acid, the sulphur remaining in the solution and con- 
verting part of the tetrathionic acid into pcntathionic acid, so that the 
final solution contains all three acids. 

Hydrogen sulphide in excess causes gradual decomposition, sulphur 

" Spring, Ball. Acad. roy. Bely., 1881, Fr). 2. 

- Chancel and Idiacon, loc. cit. 

^ Thomsen, Ber., 1872, 5, 1017. 

^ Osiwald, J. prakt. Chem., 1885, 32, 316 ; Hertlein, Zelt-sch. pJiysikal. Chon., 1896, 19, 
300. 

^ Kolrlioh {Pitc. Trav. cliini., 1924, 23, 216) considers this acid to be one of the strongest 
dibasic acids. 

Thomsen, loc. cil. ; Berthelot, Compt. rend., 1889, 108, 775. 

' Josephy, Zeitsch. anory. Chem., 1924, 135, 21. Cj. Riesenfeld and Feld {itnd., 1921, 
119, 225), who consider it the least stable. See further, Foerster, ibid., 1924, 139, 226 ; 
Riesenfeld, ibid., 1924, 141, 109 ; Ktirtenacker and Kaufmann, ibid., 1925, 148, 43. 

^ Fordos and Gelis, loc. cit. 

^ Kurtenacker and Kaufmann, Zeitsch. anory. Chem., 1925, 148, 369. See also Fordos 
and Gehs, loc. cit. ; Takamatsu and Smith, Trans. Chem. Soc., 1880, 37, 592 ; 1882, 41, 
162; Lewes, ibid., 1882, 41, 300; Thatcher, Zeitsch. physikal. Chem., 1904, 47, 691; 
Gutmann, Ber., 1905, 38, 1728 ; 1907, 40, 3614 ; 1908, 41, 300 ; Chapin, J . Ainer. Chem. 
Soc., 1916, 38, 625. 

Raschig, loc. cil. 

Debus, Annalen, 1884, 244, 154. 
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and pentatliionic acid being' the eliiei products. In neutral solutioil 
the reaction is more rapid and ap])cars to take the following course : ^ 

(1) s, 0 G"i-n->s= 2 S. 303 "+ 2 i-r-s, 

(ii) S.O./'-b2lToS-f‘2l-r-3l-loO+4S, 

(hi) “ 5S20;"-|-Gir-2S30/-h3H,0. 

With the free acid only reactions (i) and (hi) occur. The decomposition 
takes ]:)lace more readily than in the case of trithionic acid. Alkali 
sulphides in boiling solution convert tetrathionate into thiosulphate, 
with lil)eration of sulphur : “ 

K ,S iO 6 d- K 2S - 2 K oS oO 3 -b S . 

Freshly preci])itatcd lead sulphide also induces the decomposition of 
tetrathionic acid. 

Vigorous o-xidising agents, such as chlorine and bromine, convert 
tetrathionic acid into sulphuric acid, whilst reducing agents, for example 
hydrogen,'^ especially in contact with platinum, and sodium or potassium 
amalgam,'^ act on the tetratliionates with formation of thiosulphates, 

K 2S ,0 , -b 2Xa = K ,S .,0 3 -b Na .^S .,0 3, 

the reaction being capable of proceeding further, with the production 
of some siil})hide. 

The Tetratliionates . — These arc generally soluble in water and can 
be caused to crystallise from solution by the addition of alcohol. When 
heated in solution the alkali salts decompose into trithionate and sulphur ; 
further change may also give rise to pentathionate, sulphate and sulphite. 
Aqueous solutions arc less stable in the presence of thiosulphate.^ The 
salts of tlic other metals, for example barium or copper, are much less 
stable, the former readily forming thiosulphate ^ and the latter sul] 3 hide.“ 
The tetratliionates arc converted by nascent sulphur into penta- 
thionates, whilst by potassium sulphite solution they are reduced to 
trithionate.' The latter reaction explains the erroneous assumption 
that trithionate could be directly produced by the action of iodine on 
an aqueous inixture of potassium thiosulphate and sulphite ® (see p. 210). 
With equivalent quantities of tetrathionate and sulphite, the reaction 
leads to the equilibrium ^ 

S.jOe'-bSOo" S3O/+S3O3" ; 

but very slight excess of sulphite serves to send the reaction completely 
to the right. With a bisulphite the following equilibrium is slowly 
set up : 

S 303 "-bSo 03 "-bir, 


^ IvTirtenacker and Kaiifmaiin, Zeiisch. anorg. Che)n., 192“), 148, 256. 

“ Chancel and Diacon, Joe. cit. ; Smith and Takamatsu, Tranf;. Chem. Soc.. 1S82, 41, 
162. 

3 Thatcher, Zeitsch. ■phy.nhal. Chem., 1904, 47, 691. 

Spring, Ber., 1874, 7, 1161 ; Lewes, Trans. Chem. Soc., 1882, 41, 300. 

^ Sander, Zeitsch. angow. Chtrn., loio, 28, 273. See also Calzolari, Aiti B. Accad. 
Liiicei, 1915, [v.], 24, i., 921. 

® Hertlein, Zeitsch. phijsikal. Chem., 1896, 19, 300. 

' Spring, Chem. Bcics, 1892, 65, 247; Colcfax, Trans. Cliern. Soc., 1908, 93, 798; 
Kurtenacker and Ivaufmann, Zeitsch. anorg. Chem., 1925, 148, 225. 

^ Spring, Joe. cd. ^ Foerster and Centner, Zeitsch. anorg. Chem., 1926, 157, 45. 
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but this is soon disturbed by deconiposition and reiormation of tlic 
trithionatc. thus : 

S3O/' -HoO-SO -S.O/ d- 2H'. 

S oO 3" + 4HSO 3' -h 21 U = 2S 30^" - 31 i ,0. 

Tlius the H‘-ion concentration increases and sulphur separates : 

So 03 "-;-H-:^IIS 03 '-S. 

So03"-f2HS03' = 2SO/-f2S-HoO. 

Addition of excess of mercuric chloride to a solution of a tetra- 
thionate causes precipitation of the compound HgoSXU (see pp. 212, 223). 

Pentathioxiic Acid, HoS^Og. — This is present in AVackenroder's 
solution '' ^ (p. 220), and can be separated by removing the sulphuric 
acid by treatment with a little barium carbonate, the remaining acid 
liquid alter filtration being capable of concentration to a specific gravity 
of 1-3 by evaporation on a water-bath and to 1*0 by evaporation in a 
vacuum at the ordinary temperature.- The solution contains also 
tetrathionic acid, which may be eliminated by the method described 
on p. 219. 

The decomposition of sulphur monochloride by water gives rise to a 
complex mixture of substances including sulphur and pentathionic acid. 
The equation 

5SoCl2-j-6l-I,O=:5S + 10HCii-H.,S5O6 

originally suggested ^ to represent the change does not represent all the 
facts, because trithionic and tetrathionic acids are also present, and 
it is probable that the result may depend on a primary formation of 
thiosuljihuric acid by the combination of nascent sulphur with sul- 
phurous acid.'^ 

Vfhen thiosulphates are decomposed by acids a small quantity of 
pentathionic acid, together with tetrathionic acid, is produced, in addition 
to sulphur and sulphur dioxide.^ Lead thiosulphate appears especially 
to be well adapted to tliis reaction and gives some pentathionic acid on 
treatment v/itli iodine and hydriodic acid ^ or with hydrogen sulphide." 

The acid may be prepared free from tri- and tctra-tliionie acids ® by 
treating a cold aqueous solution of sodium thiosulphate containing 
sodium arsenitc with hydrochloric acid. On concentrating the liquid 
at 35^ C. sodium pentathionate gradually separates. After filtering, a 
solution is obtained containing about GO per cent, of pentathionic acid 
together with a further 12 per cent, of the sodium salt. 

By allowing the reaction to proceed at —10" to —15° C. mixed 
crystals of penta- and hexa-thionates may be obtained.'^ 

^ Wackenroder, Annahn, 1S46, 60, 1S9. 

“ Kessler, Ann. Fhy.s. Chern., 1848, [ii.], 74, 249 ; Bcr., 1880, 13, 424. 

^ Plessy, CornjA. rend.., 1845, 21, 473 : AiLn. Chirn. Fhijs., 1847, [iii.], 20, 162 ; Fordos 
and Gelis, ihid., 1848, [in-]. 22, 66 : 1850, [in.], 28, 451. 

Debus, Trans. Chern. Foe., 1888, 53, 278 ; Annalen, 1888, 244, 172. 

^ Chancel and. Diacon, Cornpt. rend., 1863, 56, 710 ; Vortmaim, Ber., 1889, 22, 2307 ; 
Salzer, Ber., 1886, 19, 1696. 

^ Takamatsu and Smith, Trans. Chern. Foe., 1880, 37, 592. See also Spring, Annalen, 
1880, 201, 307. 

" Persoz, Cornpt. rend., 1840, 10, 575 ; Ann. Fhys. Cheni., 1865, [ii.], 124, 257. 

^ Raschig, Fchwefcl- und Ftickstoff-Ftudien, 1924, p. 273. 

° Kurtenacker and Czernotzky, Zeitsch. anorg. Chern., 1928, 174, 179. 
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Pentathionic acid is formed by the action of sulphur dioxide on a 
siis].)cnsion of sulphur in water : ^ 

5S -f 5SO , -f 211 ,0 = 211.850 6 . 

Tliis reaction probably explains the formation of the acid by decomposi- 
tion of thiosuljdiatcs by acids as already cieseribed. 

Traces of })entatliionic acid are also stated to be found in the con- 
densed liquid from the interaction of steam and sulphur vapour at a red 
heat,- and in a mixture of sulphur and water after exposure to atmo- 
spheric oxidation.'^ In the former case the ]:!entathionic acid ])robably 
results after the high temperature reaction by the interaction of sulphur 
dioxide and hydrogen sul])hide in the condensate. 

Properties. — Like the lower members of the series of thionic acids, 
free pentathionic acid is known only in aqueous solution ; a solution 
of the pure acid is obtained by treating an acj[ueous solution of the 
potassium salt with the requisite quantity of tartaric acid for the remoAml 
of the potassium in the form of hydrogen tartrate. The solution is 
denser than water ; ^ it cannot be concentrated beyond a limit of 50 
to GO per cent, acid without decomposition. 

The heat of formation of the acid is given by the equation : 

H 2 + 58 i- 30o -f- Aq. = H .S^O 5 , Aq. — *2 1 6 Calories 

The solution is a colourless, odourless liquid of strongly acid taste 
and conducts the electric current.^’ When cold it is comparativeh^ 
stable,” and may be kept practically unchanged for two or three months, 
but there is a tendency, especially with more concentrated solutions, to 
gradual decomposition with formation of tetrathionic acid, trithionic 
acid and sulphur ; on boiling, the solution gives hydrogen sulphide and 
sulphur, together with sulphurous and sulphuric acids, the relative pro- 
portions var^dng with the concentration. 

Hydrogen sulphide slowly decomposes aqueous pentathionic acid, the 
final state being represented by the equation 

H2S50o+5HoS = 6 H.O-rlOS, 

wdiilst excess of sulphurous acid causes a partial degradation into tetra- 
thionic acid and trithionic acid.® 

Oxidising agents such as chlorine water, nitric acid or potassium 
permanganate cause conversion into sulphuric acid with the intermediate 
formation of sulphur. The reaction is quantitative with a mixture of 
potassium chlorate and hydrochloric acid.^ 

The P e lit at hi 0 nates. — These salts are unstable, and even those of 
the alkali metals are so difficult to prepare as to arouse a sugges- 

^ Josephy, Zeitsch. anorg. Cheyn., 1924, 135, 21. 

- Gripon, Compt. rend., 1863, 56, 1137 : Myers, J. praJd. Cliem., 1869, 108, 23. 

^ Brugnatelli and Pclloggio, Ber., 1876, 8, 71. 

^ Kessler, Ann. Phys. Chem., 1848, [ii.], 74, 249 ; Debus, loc. cil. 

^ Berthelot, Cornpt. rend., 1889, io8, 775 ; Thomsen (Ber., 1873, 6, 555) gives 183 Cals. 

^ Hcrtlein, Zeitsch. physikal. Chern., 1896, 19, 302. 

‘ Riesenfeid and Feld, Zeitsch. cinorg. Cheni., 1921, 119, 225 : Foerster and Hornig, ihid., 
1922, 125, 86 ; Kurteiiackcr and Kaufmann, ibid., 1925, 148, 43. 

® Debus, loc. cit. 

^ Raselug, toe. cit. 

Kesslei', Aiui. Phys. Chevn., 1848, [ii.], 74? -tO ; An/nalen, ISSO, 200, 256 ; Ludwig, 
ibid., 1844, 51, 259 ; Cui'tius, J.-praht. Chern., 1881, [ii.], 24, 225 ; 1888, 37, 137 ; Berthelot, 



cmivovsm of solphur. 


219 


tion ^ that the acid HoSsOg had no real existence and that the so-called 
])entat]honic acid was a colloidal solution of sulphur in aqueous tetra- 
thionic acid. The definite existence of the acid was finally proved by tlie 
isolation of solid pentathionate by the cautious addition of a solution of 
hvdroxidc of barium or potassium to excess of the acid solution, when 
the tetrathionatc crystallised first, followed by a deposit of pentathionate.- 
In order to avoid further the harmful action of alkali on the free acid, 
Debus used the acetates of the metals in place of the hydroxides and 
rccrystallised the pentathionate from water containing a little sulphuric 
acid.^ As potassium pentathionate is less dense than potassium tetra- 
tliioi'iate, whilst a mixture of bromoform and xylene of sj^ecific gravity 
2*2 has an intermediate density, it has been found possible to separate 
the potassium salts by addition of this liquid mixture, when the tetra- 
thionate sinks and the pentathionate rises to the surface.'^ 

The peiitathionates are not stable, decomposing spontaneously alone 
or in aqueous solution with gradual formation of tetrathionatc, tri- 
thionatc and sulphur, the change being retarded by the addition of a 
little hydrochloric or sulphuric acid. When heated in the dry condition 
they yield sulphate, sulphur and sulphur dioxide : 

2 K,S 50 e = 2 KoS 04 i- 2 S 02 + 6S. 

Hot alkaline solutions cause the pentathionates to undergo rapid 
conversion into thiosulphate, wliilst with cold solutions some free sul- 
phur is deposited, a corresponding amount of sulphite being produced, 
together with the thiosulphate : ^ 

2 K 0S5O 6 -h 6KOH - 5K oS 2O 3 -f 3H .0. 

Sodium carbonate causes deposition of suljDhur and formation of tetra- 
thionate : 

KoSsOq — > KoS^Ogd-S, 

but the reaction is not quantitative as stated by Raschig,*^ and also pro- 
ceeds beyond this stage. 

Sulphites “ give tetra- and tri-tliionates and thiosul})liate, 
S506"TS03" — SPeVS.Pg", 

the decomposition of the tetrathionatc proceeding as already described.® 
The reaction with bisulphites is similar, tetrathionatc first being pro- 
duced (see p. 216). 

The action of hydrogen sulphide and of sulphur dioxide has already 
received mention under the description of the acid. 

CoTiipi. rand., 18S9, 108, 92(3 ; Sting;! and iMorawski, Btr., 1879, 12, 2018 ; Smith and 
Takamatsu, Trans. Chcni. Sue., ISSU, 37, 592 ; I8S2, 41, 162 ; Fordos and Gelis, Ami. 
Chirn. Phijs., 1848, [in.], 22, 66 ; 1850, [iii.], 28, 451. 

^ Spring, Annalen, 1879, 197, 116 ; 1882,213, 329. See also Lewes, Trans. Chern. Soc., 
1881, 39, 68; Valeton, Chern. Vdetlrblad, 1907, 4, 553. 

- Lewes, Joe. eit, ; Shaw, Trans. Chern. Soc., 1883, 43, 351. 

^ Debus, Joe. eit. 

Hertlein, Zeitseh. physihal. Chern., 1896, 19, 293. 

^ Kurtenacker and Kaufmann, Zeitseh. anorg. Chern., 1925, 148, 369. 

° Rasehio:, Joe. eit. See Kurtenacker and Czernotzkv, Zeitseh. anorg. Chern., 1928, 174, 
179. 

' For the detection of small amounts of pentathionate in the presence of sulphites, see 
Czernotzk}^ Zeitseh. anorg. Chern., 1928, 175, 402. 

® Foerster and Centner, ibid., 1926, 157, 45. 
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Potassium amalgam reduces an aqueous peutatliionate solution to 
tetrathionatc and thiosulphate. :Metallic copper and silver are black- 
ened by pentathionate solutions. 

'' W ackenroder s Solution/'' 

Whenever sulphur dioxide, water and 'Miasccnt'’ sulphur meet, for 
example in the action of water on sulphur chloride, of mineral acids on 
a thiosulphate, or of hydrogen sulphide on aqueous sulphur dioxide 
solution, formation of poixTliionic acids is likely to occur. Dalton ^ in 
1812 demonstrated that the last-named reagents gave rise to an acid liquid, 
a result which was confirmed later by Thomson ; - in 1846 Wackenroder ^ 
proved the presence of pentathionic acid in the liquid, since wliicii date 
the aqueous reaction product has been known as Wackenroder ’s 
Solution.’* 

The reaction was subsequently investigated by other chemists, 
particularly DebusU who found that the most satisfactory procedure 
was to treat an almost saturated cold solution of sulphur dioxide 
repeatedly with hydrogen sulphide on successive days until the sulphur 
dioxide was consumed. The resulting liquid contained sulphur in 
colloidal suspension, free sulphur (see also p. 30), sulphuric acid, a little 
trithionic acid, tetrathionic acid and pentathionic acid, and an acid or 
acids still richer in sulphur — possibly a hexathionic acid.*' 

Examination of the progress of the reaction indicated that the first 
product is probably tetrathionic acid : 

H2S-f3S0.2-H,S,i06, 

which subsequently undergoes partial decomposition by hydrogen 
sulphide with formation of water and sulphur ; the sulphur, being in 
a “nascent” condition, converts some of the tetrathionatc to penta- 
thionate, whilst some of the tetrathionatc also undergoes reduction 
to trithionate. 

The composition of Vv'ackenroder’s solution varies with the condi- 
tions of preparation. When prepared in the manner described, the 
milky solution can be clarified by careful evaporation at the ordinary 
temperature in a vacuum, when the suspended sulphur separates and a 
solution containing mainly pentathionic acid is obtained. 

The observed occurrence of pentathionic acid in natural waters ® is 
doubtless to be attributed to a reaction of this kind between sulphur 
dioxide and hydrogen sulphide. 

Hexathionic Acid, H^SgOg. — The potassium salt of this acid has 
been prepared ' by adding a solution containing potassium nitrite and 
potassium thiosulphate (IKNO^ to 3 K 2 S 2 O 3 ) to well-cooled hydro- 
chloric acid, the mixture being vigorously shaken until the colour 

^ Dalton, ‘‘ New System.," 1812. 

- Thomson, Phil. Mag., 1826, 12, 441. 

^ Wackenroder, Aiinalen, 1846, 60, 189. 

Debus, Cham. News, 1888, 57, 87. See also Hertlein, Zeitsch. 'physikal. Chem., 1896, 
19, 289 ; Lang and Carson, Proc. Chem. Sgc., 1905, 21, loS ; Raschig, ScJewefel- und Stich- 
stoff-Studian, 1924, p. 273. See Che/)n. Zeii., 1924, ii., 1065. 

^ Weitz and Aehterberg {Ber., 1928, 61, [B], 399) report the absence of hexathionic acid 
but confirm the presence of acids richer in sulphur. 

^ Maclaurin, Proc. Chem. Soc., 1911, p. 10. 

AVeitz and Aehterberg, loc. cit. ; Partington and Tipler, J. Chem. Soc., 1929, p. 1382. 
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changes through brown and green to yellow. Nitrous fumes are re- 
moved by passing air tlirough the solution, which then has an odour of 
sulphur dioxide. On keeping in a freezing mixture potassium chloride 
separates and the solution becomes almost colourless. After filtration 
and concentration under reduced pressure, potassium hcxatliionate eon- 
taminated with potassium chloride separates : the latter is removed by 
water and the hexathionate washed with alcohol and ether. Potassium 
tetrathionate is contained in the mother-liquor, its formation probably 
being due to the intermediate formation of nitrosylthiosulphuric acid, 
but the mechanism of the reaction is obscure. 

Potassium hexathionate is stable when dry, but in aqueous solution 
undergoes decomposition with formation of sulphur or a higher poly- 
thionate. The addition of acid stabilises the solution, and the salt is 
best crystallised from solutions containing considerable amounts of 
mineral acid ; from such solutions it may be salted out. It resembles 
the pentathionates in its reaction with alkalis and with sodium car- 
bonate, sulphur being deposited ; also in giving no precipitate with 
copper sulphate. It gives a yellow precipitate with mercurous nitrate, 
a yellowish-white precijDitate with mercuric chloride, and a brown 
coloration followed by a black precipitate with ammoniacal silver 
nitrate. It is decomposed by aqueous ammonia, the primary product 
being tetrathionate ; the reaction is more rapid than in the case of 
pentathionates. Sulphites produce trithionates. Ilexammine-cobaltic 
and -chromic chlorides and nitrates give crystalline precipitates. 

Hexathionic acid itself is as yet unknown. 

The Constitution of the Polythionic Acids. — The earliest sug- 
gestions as to the constitution of these acids represented dithionic acid 
as a sort of sulphur analogue to oxalic acid, 



S-OH 


0 

C.OH 

0 ^ 1 

0 

C.OH 

— ai 

0 



0 ^' 

Oxalic acid. 

Dithion 


and the higher thionic acids as deri\'ed from dithionic acid by the inter- 
position of sulphur atoms between the sulphonie acid groups : ^ 




SO, on 
so, on 


Trithionic acid. 


S -SO,OH 
S-SO,OH 

Terratliionic acid. 


s 


^S-SO,OFI 
A -so .OH 


Pentathionic acid. 


According to this view the intermediate sulphur atoms are probably 
arranged in a similar manner in the polythionic acids and the hydrogen 
polysulpliides, and tetrathionic acid may be considered as a sulphur 
analogue to perdisulphuric acid.- 

Alternative structures were suggested by IMichaelis,^ who regarded 


^ Blomstrand, Chernie der Jttztztlf, pp. 157, 257 ( ticidclbera, 1869) ; Mendeleeff, Ber., 
1870, 3 , 870. 8 ee also Hertlein, Zeitsek. jjhy.nJcaL Cheni., 1896, 19 , oK.) ; Colefax, Trans. 
Chem. Sac., 1908, 93 , 881. - Calzolari, Atii B. Accad. LincA, 1915, [v.], 24 , i., 921. 

^ Michaehs, AnnaUn, 1873, 170 , 31. See also Pascal, Conipt. rend., 1921, 173 , 712. 
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the polythionic acids as constituting anhydride derivatives of sulphurous 
acid and containing the terminal groups — O.SO.OH, thus : 

O.SO.OH /O.SO.OH S.O.SO.OH /S.O.SO.OH 

i 

O.SO.OH ^O.SO.OH S.O.SO.OH "^S.O.SO.OH 

Dirhionie acid. Trithionic acid. Tctrathionic acid. Pentathionic acid. 

Debus ^ favoured the assumption that the central linking atoms 
between the terminal acidic grouj^s comprise an oxygen and a sulphur 
atom : 

O.SO.Jk O.SO.3.SK O.SO.,.SJv 

S.SO.,.OK S.SO.,.OK S.SO,.OK 

Ilaschig- considered the formation of pentathionic acid in “ Wacken- 
roder's solution ” to be due to the condensation of five SO-groups arising 
from the reaction 

SO.-j-IIoS-SO-fS+HA 
the addition of water resulting in the arrangement 

S : S : S 

1; il 

HO. SO 2 . SO 2 . 01 - 1 , 
the lower acids being formulated 

s s s 

HO.SO.2.SO2.OH, H0.S0.2.S0.2.0I1, IIO.SOo.SOo.OII. 

Vogel, ^ in order to ex]dain the formation of the tri-, tetra- and penta- 
acids from sulphur sesquioxide, the liberation of two atoms of sulphur 
from pentathionates by bromine, and other reactions, suggested the 
formuhie : 

H0.S0.,.S0.2.0H, S : (SO.2.OH).,, S : S : (SO.^.OH).,, 

S:S:S: (S 0 . 2 . 0 H) 2 . 

The complex nature of the process of decomposition of these acids 
and their beha\iour on oxidation makes it difficult to decide which of 
the foregoing formuhe are most satisfactory for the tetra- and ]3enta- 
thionic acids. In the case of dithionic and trithionic acids, the formutc 
given by Blomstrand and ^lendelceff and by Vogel appear to accord 
best with the general behaviour of the acids. 

IMore recently Christiansen h.as made a careful study of the poly- 
thionic acids and especially of certain physical properties — K-radiations, 
electrical moments, and molecular weights by ebullioscopic methods — of 
the p-toluoyl-tri-, -pent a- and -hexa-thionates, and suggests that none 
of the foregoing formuhe is adequate, but that the pro])erties and 
reactions of the acids are best explained by the assum])tion that the 

^ Debus, loc. cil. See also Gutmann, Btr., 1905, 38 , 1728, 3277. 

- Raschig, loc. at. See al.so Foerster, Zeit.-rh. anory. Chcni., 1924, 141 , 228. 

^ Vogei, Chen}. hSnu's, 1924, 128 , 325, 342 ; Tians. Ch( ni. Bac., 1925, 127 , 224 8 . 

•* Chrisrianscai, Ztitc<ch. Elddtodn m., 1928, 34 , 038 ; Foih. Ill /lord. Kcinish/idlcl, 1928, 
p. 177. 
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molecules contain a six-membered ring. Thus, the tetra- and }jenta- 
thionic acids may be res]:>ectively formulated as 

/0.0\ S.x /0.0 k 

nO.S^-S— and ^>Sdl-S-~^S<'' 

^0.0/ ^OH HO^ \o.o/ ^OH 

Tlie bimoleciilar nature of sulphur trioxide is cited in support of these 
views, and tiie absence of colour in the pohdhionic acids is mentioned 
as })eing opposed to the polysiilphide linking of some of the earlier 
formuhe. Nevertheless, tlie above formuhe do not appear to be in 
agreement with tlie relative stabilities of the acids, but suggest that the 
tetratliionie acid is less stable than the more compact trithionic acid, 
or tlian tlie more saturated pentathionic acid (c/‘. pp. 211, 215). 
Co-ordiiintion formuhe have also been suggested.^ 

Estimation. — The usual procedure with the polythionates is to 
a])ply some convenient decomposition reaction. Oxidation is a con- 
^'enient method, for example by aqua regia or a mixture of potassium 
chlorate, hydrochloric acid and bromine : the amount of sulphuric acid 
resulting gives an indication of the quantity of sulphur present in the 
original pohdhionate : - 

K .S,,0 , -f- (3.r - 5 )0 + (.r - 1 )I-r,0 = K ..SO 4 -f (.r - 1 )H .SO 4 . 

An attractive modification of this method is to treat the neutralised 
polythionate solution with neutral hydrogen peroxide and a known 
excess of standard sodium hydroxide solution on the water-bath and 
to determine the quantity of acid formed by the amount of standard 
alkali neutralised during the oxidation.*^ All polythionates except the 
dithionates are completely oxidised to sulphate by heating in a closed 
tube for one hour with iodine and sodium bicarbonate; by titrating the 
excess of iodine the total polythionate present may be estimated.^ 

An alternative method is based on the interaction of mercuric 
chloride witli jDolythionates in aqueous solution. A white precipitate 
of the mercuric thiocliloride already mentioned under thiosulphuric 
acid ^ is formed ; the equation is 

2NaoS^,OeA3Ho€l.,A4lLp = I-Ig3S..Clo-b4XaCl-r4H2S04-f2(a;-3)S. 

This method is especially suited to the trithionates and tetrathionates, 
and is ap]ilicable even in the presence of thiosulphate or sulphite by 
first titrating tlie neutral solution w'ith iodine, which indicates the 
total quantity of siilpliitc and thiosulphate, and then determining the 
acidity developed during the iodine titration, from Avhich the amount 
of sulpliite can be calculated. Finalh' the mercuric chloride reaction is 
applied to another portion of the original solution and by determination 

^ r'Jartin and Metz, Zc'iUxh. anorff. Chtm., 1923, 127, S3. 

- Lor variations of this principle, see Ashley, Antcr. J . Sci., 1900, [L'.j, 22, 209 ; 13au- 
bignv, Cor/ipt. rtud., 1909, 149, 1009 ; Jamieson, A)ner. J . Sci., 1915, 39, 639. 

•' La.np and Carson, Jdoc. Cheni. Soc., 1905, p. 159 ; Calzolari, GazzAla, 1910, 40, ii., 
22 ; Sander, Zrilsc/i. antjar. Che///., 191(5, 29, 11, 16. 

' Riesenfeld and Sydow, Zafsch. (i/tonj. Chou., 192S, 175, 74. 

Sander, Zcitsch. (I/kjov. CIlo/i., 1915. 28, 9: 191(5, 29, 11, 16. See also Feld, ibuL, 
1913, 26, 28(5; 1911, 24, 290; Kurrcnacker and Bittner, Zdtsch. ano/y. Chc/ii., 1925, 
142, 119. 
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of the acidity developed and allowing for the effect of the sulphite and 
tliiosulphate ((/-o. ), the amount of pohThionate is calculated^ 

Sulphur Sesquioxide, S 0 O 3 . 

Buchholz - in 1804 observed that fuming sulphuric acid could 
dissolve finely divided sulphur, giving an unstable blue solution. In 
1812 VogeP obtained tlie coloured suljstance by the direct addition of 
sulphur to liquid sulphur trioxide at the ordinary temperature ; drops 
of a bluish-green liquid separated, which solidified in crusts. The main 
excess of trioxide was drained away, complete removal being effected 
by careful evaporation ^ near 38“ C. By the addition of liquid sulphur 
trioxide to hnely powdered sulphur, instead of vice versa, the product 
is more easily obtainable.^ 

The bluish-green crystalline mass is very unstable and decomposes 
fairly rapidly even at the ordinary temperature, giving sulphur dioxide 
and sulphur. The pure substance may be preserved for se^^eral hours 
in a vacuum. It is hygroscopic, and on absorbing moisture lirst becomes 
brown and then deposits sulphur, with concurrent formation of sulphur 
dioxide, sulphuric acid and possibly other sulphur acids. It is soluble 
in fuming sulphuric acid, an acid rich in trioxide giving a bluish solution, 
whilst with less rich acids the solution is brown ; ordinary pure sulphuric 
acid causes decomposition. The colour of the brown solution is regarded 
by some as due to colloidal sulphur formed by partial decomposition 
of the sesquioxide.® 

Xhtric acid or bromine causes rapid oxidation of the oxide, which 
may be accompanied by explosion. Pure dry ether also reacts violently, 
with separation of sulphur and formation of a yellow solution which, 
on evaporation, yields a yellow oil. Absolute alcohol acts similarly. 

The composition of the oxide suggests that it may be an acid 
anhydride, but all attempts to convert it into hydros ulphurous acid, 
TI 2 S 2 O 4 , or its derivatives, have been unsuccessful.'^ 

Analogous oxides are known containing one atom of sulphur replaced 
by selenium or tellurium. The tellurium compound, tellurium sulplioxide, 
STe 03 , decomposes with production of tellurium monoxide, TeO, when 
gradually heated in a vacuum to 225^ Attempts to produce sulphur 
monoxide similarly from sulphur sesquioxide have not been successful. 

An application has been suggested for this sesquioxide in the 
preparation of certain organic dyes containing sulphur.^ 

^ See also, for the determniation of polytliionatcs in the presence of otlicr sulphur acids 
and of each other, hiullcr. Bull. Soc. chlm.., .1916, [iv.], 19 , 8 ; Bjlleter and AVavre, Htlc. 
Chim. Acta, 1918, i, 174 ; Ivurtciiacker and Eritsch, Zeitsch. (inoig. Chew., 1921, 117 , 262 , 
1922, 121 , 335 ; Lischer and Classen, Ztitsch. angew. Chem., 1922, 35 , 19S ; Riesenfeld, 
Josephy and Grunthal, ZcLt-sch. anorg. Chon., 1923, 126 , 281 ; Mayr and Szcntpaly-i^cyfuss, 
ibid., 1924, 131 , 2U3 ; Kurtenacker and Bittner, loc. ciL; Kurtenacker and Gold bach, 
Zeitsch. anorg. Cheni., 1927, 166 , 177 ; Riesenfeld and Sydow, ibid., 1928, 175 , 74 t Terres 
and OverdiL'k, Gas- v.. Wasserjach, 1928, 71 , 49, 81, 106^ 130. 

- .Buehholz, Gehlois J . Chon.. 1804, 3 , 7 . 

2 Voyel, SchweiggeCs J., 1812,’ 4 , 121 . 

A\ eber, An/i. Bhi/s. Chon., 1875, [ii.], 156 , 531. 

2 ATirel and Partinuton, Trans. Chern. Soc., 1925, 127 , 1514. 

Biehrmger and Topalov, J.prald. Chon., 1902, 65 , [ 2 ], 499 ; Stein, ibid., 1838, 6 , 172. 

" See ATgel and Partinpton, loc. cit. 

s Divers and Shimose, ikr., 1883, 16 , 1009 ; Doolan and ILu'tinaton, Trans. Chon. Soc.. 
1924, 125 , 1403. 

2 Biehnnper and Topalov, loc. cit. 
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Hydrosulphiirous Acid, 

Schonbein in 1852-1858. during n re-investigation of the electrolysis 
of sulphurous acid solution, examined about twenty years before b}’' 
Faraday, obtained at tlie eatliode a yelhavish Sidiition of marked 
reducing power : lie obtained a solution of similar iirojicrties on treat- 
ment of suipliurous acid solution with zined which reaction was already 
known from tlie oliservations of Berthollct, Fourcroy and Vauquelin to 
give no free liydrogen. 

A further examination of the action of zinc o!i suipliurous acid and 
on sodium hydrogen sulpliite solutions was made by Scliutzciiberger - 
in iSGO, who arrived at a Ibrmula XallSO, for tlie sodium salt, and 
suggested the name ;'>ij(lrosidphurou.s acid : altliougli the formula has 
proved to be incorrect, the name possesses an ach'antage in precluding 
any confusion with thiosupiliiiric acid : the possibility of such confusion 
is introduced by tiie term liyposulphiirows acid, vdiich. however, until 
recent years, received Cairly general acceptance in English-speaking 
countries. Under tlie present system of nomenclature “ hyposulphuroiis 
acid ” should be IloSOo, which, however, is termed suiphoxylic acid. 

The free acid is exceedingly unstable and cannot be isolated, only 
tlic salts being of importe.nce. These may be obtained as follows : 

Zinc slowly dissolves in sulphurous acid solution without effer- 
vescence ; tlie solution is at first yellow and tlicn becomes colourless ; 
air should he excluded. Tlie action probably follows tlie course ^ 

Zn-r~S0.2 = ZnS. 204 . 

It is possible to prepare the hydrosiilpliites of the metals in anhydrous 
condition by tlie action of \'arious metals, for instance zinc, magnesium, 
sodium, on sulpliur dioxide in the presence of moisture-free ether or 
alcohol.^ This reaction is of importance as having supplied an early 
proof of the absence of liydrogen from tlie salts and hence of the 
incorrectness of the formuhe Zn(rIS0.2].2. XallSOo. whicli Iiad been 
accepted previousiv : 

Zn4-2S0o = ZnS 204 . 

hioissan in 1902 obtained anhydrous liydrosuiphites by passing 
sulphur dioxide diluted vcith hydrogen o\'er the liydrides of the alkali 
and alkaline earth metals,^ lie was able to produce the hydrosulphites 
of sodium, ]iotassium. lithiuni. calcium and strontium in this way, and 
liiy measurement of the quantity of hydrogen liberated Avas able to prove 
the correctness of the general formula M^.So 04 : 

2 KiiA 2 S 02 -KoS 204 -bH 2 . 

Sodium hydrogen sulphite solution " can be used in place of the 
aqueous sulphurous acid in the first method described. With zinc, 
the resulting reaction is 

-iXaHS03+Zn = ZnS034-Xa.2S03-fXaoS.p4-r2H20- 


^ See Schar, Ber., 1S94, 27 , 2714. 

- Schiitzenberger, Conipt. rend., 1869, 60 , 196 ; Bull. Soc. chiin., 1873, [ii.], 19 , 152; 
20 , 145. 

^ Bernthsen, A'/inale7i, 1881, 208 , 142 ; Cansse, Bull. Soc. chim., 1886, 45 , 3. 

Xabl, Monatsh., 1899, 20 , 679. ^ Filly, Corapt- rend., 1905, 140 , 936. 

Moissan, Compt. rend., 1902, 135 , 647. " Sebutzenberger, loc. cit. ; Causae, loc. cii. 
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The result is more satisfactory if the acid sulpliite is aeeomiranied by a 
semi-molecular ])roportion of sulphurous acid : 

2NaITSO 3 -i- SO 3 + Zn = Xa oS .p , + Zn SO . -f H .,0 . 

On ])ourino' the solution into alcohol a douljle subpl'dte of sodium and 
•/.ine is rapidlv ])rcci])itated. whilst needles of sodium hydrosulphite, 
Xa„S„0,.2ll„6. separate slowly afterwards. Another procedure for the 
removal of tiie zinc from the solution is to clClCl milk oi‘ lime cautiously, 
when a solution of sodiurn liydrosuhohite remains." 

Otlicr metals may be used in place of zinc, e.g. iron, copper, man- 
a'aniCse ^ or even sodium amalyam or caleium.''’ 

In the electrolysis of aqueous sulphurous acid or sodium hydrogen 
sulphite solution, a little hydrosuinhite is formed at the cathode as a 
result of tlie reduction process.*^ 

Titanous chloride also reduces sulphurous acid or sodium liydrogen 
sn]])hitc solution with formation of an orangew’ellcw solution of hydro- 
suhphnrous acid,-' from wliicii sodium hydrosulphite is obtainable by 
fiirtlier treatment with sodium hydroxide solution : 

2XaHSO 3 X 2TiCl 3-211.0- 2XaCH- 2TiO . - 411 Cl -f H .S .0 

Formic acid,® when mixed with aqueous sodium liydrogen sulphite, 
forms a solution of strong reducing power, due to cono'^ersion of some 
of the sulphite by reduction into hydrosulpuite : 

2 XaHS 03 -|-H.COOXa-XalIC 03 -Il., 0 -i-XaoS, 0 ,. 

Sodium formaldehydesulphoxylate (see p. 228) may be used con- 
I'cniently instead of formic acid." 

Ilydrosulphurous acid is also formed as an intermediate product 
in the reduction of sulphurous acid by liy])ophosp]iorous acid.^'^ 

The free acid is exceedingly unstable, and its orange-yellow aqueous 
solution, obtained directly by any of the methods already described, 
or by decomposition of a hydrcsulpliite with a suitable acid such as 
dilute sulpliuric acid, is capable only of sliort existence, soon decompos- 
ing with deposition of sulphur and liberation of sul]:)hurous acid ^ 
(see p. 2ol ). By measurement of tlic electrical conductivity ol’ solutions 
of tlie acid and of clie sodium salt it lias been possiidic to show that 
liydrosuljfnurous acid is a stronger acid than sulphurous acid, altliough 
weaker tliaii thiosulnhurie acid."® dvceording to Bertliclot tlie lieat of 
formation of the acid in aqueous solution is a small positi\'c quantity. 

Details of the strong reducing eiiaracte^' of tlie acid will be found 
in the following, under the deserijriion of the reactions of the hydro- 
sulphites. 

^ Eazlen, /tV-;., lOOf), 58 , 1057. - Caus^^c, loc, cit. 

^ Grandmougin, Bt/U. Soc. lad. luOG, 76 , 35 G 

Scluitzenbergur, loc. cit.: Guurout. rc-nd., lS77, 85 , 225; Jcdlinek, Z^dtscJi. 

Ehddroclievn., 1011, 17 , 245; 4Le\or, Zed^^ch. ano/'/j. Choti.. Iu03, 34 , -! 1 > ; Ekkcr, llec. Trav. 
chhn., 1S95, 14 , 57 ; aIuIIlt', Znt.-^cJt. Khdd/odu a/., IDO-l, ic, 77ri. 

^ Spence and Kneeht, (Biinan Pairnt, 141152 (iOCu’). 

^ KaptT, Gtnnaii Patent, 175582 (i'j()5). See abo Grrnuin Patent, 436097 (1924), 

‘ Heyl and Greer, Aincr. J. Pha-rni., 1922, 94 , SO. 

^ Maquenne, Ball. S(jc. chhn., 1890, [in.], 3 , 401. 

® Meyer, Ztit.'^ch. anorg. Cliem., 1903, 34 , 43. 

Jellinek, Zeitsch. phyAlcal. Chon., 1911, 76 , 257. 

Bertiielot, ConigA. rend., 1S7(3, 83 , 416. 



cOMP()rxr)s of six^phtr. 


227 

The Hydrosulphites. — These salts are miieli more stalhe tlian the 
free acid : tlie best known salts are those oi‘ the alkali and the alkaline 
earth metals, tf,r cxaniide 2sa,S/3,,.2lI .,0. K_S.,0^.drT.,0, CaS./O^. 
IpidOd As will be seen iVoin these ibrimihe. the aeicl is diijasie, but 
onlv iK)rina] salts are known. '1 lie zine SLiit is also !’airl\' stacOle. es])eeiall v 
in the i'orni of double salts with the alkali hyvirosidphites. h>r example 
XaoZn(SoO., ).2A CrvsLalhne liydrosuiphites of aromatic amines liave 
also been obta^ined by interaction of the sodium salt vritli tlie livdro- 
chloride of tlie aminew 

The hydrated salts obtained by ordinary crystallisation IVoni water 
are relatively unstable, and tend in the solid eonditio!i or in acuieous 
solution with exclusion of air to dec-ompose into tliiosuloliate and 
sulphite (tlie latter as pyrosulphite or acid sulpliite, according to 
the conditions) ; ^ the further interaction of these iirimary jiroducts 
complicates the final result. In tlie case of the sodium salt in aqueous 
solution tlie reaction is liimoiceular and follows tlie selncmc " 

2 X a .,S oO 4 = Xa ,S .,0 .> — X a ..S .>0 - , 

XaoS A AH.O - 2XaHS03. 

In the presence of alkali, hydrosulphites react with alkali poly- 
sulphides with the formation of sulpliite and sulphide : 

a oS oO 4 y-Xa oS o A -1- X’ aOI I = 2>ta oS A - H oO -- 2X a oSO 3. 

a similar result being obtained with thiosulpliates, although more 
slovriy : ^ 

X'a.2S204AX'’aoSo03AlX'a0I-I=X'a.2S A-H2O A3XaoS03. 

As reducing agents the hydrosulphites are eexcejotionaliy active £ind 
generally become oxidised to sulphites, althougli witli relatively strong 
oxidising agents such as hydrogen peroxide or iodine, sulphate may 
be formed. 

Ferric salts are reduced to the ferrous condition and chromates 
arc reduced to cliromic sadts. Salts of gold, sih'er. eoijper, amtimonv, 
bismutli and mercury are reduced to tlie free meta^ls. whicli are frequently 
olitained as colloidal solutions it the original solutions are weak : witli 
tlie exception of tlie urst-named there is a tendency for the liberated 
metal to be accompanied liy sulphide, especially if excess of hydro- 
sulphite is used.'^ Chloroplatinic acid is reduced to red chloroplatinous 
acid solution. Tellurous and telluric acids, selenious acid and arsenic 
compounds, are reduced to the free elements.^ 

Indigo and many other colouring matters are bleached by sodium 
hydrosubqliite.'^ Organic nitro-com])ounds are reduced to amino- 
compounds, the group — X^02 being converted into — XAl2A° 

^ Bazlcii, Ber., 11305, 38 , 1057 ; Meyer, luc. cit. 

- Liimiere, Lumiere and Seyewerz, Bu’tL Soc. chlni., 1905, [lii.J, 33 , G7, 

^ l\Ieyer, loc. cit. ^ Jellinek, 2)]tijsiJ:a}. Chem., 11)19, 93 , 325. 

^ Biiiz, Bcr., 1905, 38 , 2051 ; Bmz and Sondag, ibid., 1905, 38 , 3830. 

Meyer, loc. cit. ; Bernth.sen, Bi-r., iSSl, 14 , 439. 

' For example, see reduction of OuCb, Firtli and Higson, Tjohs. Cktra. Soc., 1923, 123 , 
1515. ^ Meyer, loc. cit. ; Brunck, Annalen, 1904, 336 , 2S1. 

^ Seliiir, Ber., 1894, 27 , 2714 ; Kuhlmann, Compt. rend., 1855, 41 , 538 ; Ej^mer, Bev. 
gen. jilat. Col., 1925, 39 , 96. 

For further use in the reduction of orjianic compounds, see Bucherer, German Baitni^ 
423029 (1922). 
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Anhydrous liydrosulphites are obtained as products of methods 
described on p. ' 225. Coinmercialiy the anhydrous sodium salt is 
manufactured in larQ'e quantities on account of its greater stability 
than the livdrated Xa^So 04 . 2 lio 0 . The latter can be dehydrated by 
extraction \vith warm alcoliol or acetone at GA" to TU" C. It is also 
])ossible to produce the anhydrous salt directly by jrrecipitation of the 
acpicoiis sufution v\dth alcohol at GO" to ro"" C.. or even by ''salting 
out '' the solution at this temperature by the addition of sodium 
livdroxide, chloride, sulphate, carbonate, nitrate or acetate ; with 
sodium liydroxide solution of 50 per cent, concentration the anhydrous 
salt can be separated even at 20° C.^ 

The hvdrosulpliites are very liable to atmospheric oxidation, 
es]:)ecially in the liydrated or moist condition ; in their preparation 
and presein-ation it is therefore desirable to exclude air. When exposed 
to tlie atmosphere a solution of a hydrosulphite first becomes yellow, 
probably due to the transient presence of free hydrosulpliurous acid, 
but soon becomes colourless, the final product being sulphite.- Much 
heat is eA'olved during this oxidation, as may readily be observed with 
the exposed moistened salt : 

2NaoS204-f0o-h2H20-4XaHS03. 

Witli hydrogen sulphide the aqueous solution reacts with formation 
of thiosulphate and suljdiur,^ the equation being 

XaoSo 04 -rHoS=XaoS 203 +H 20 -!-S. 

In feebly acid solution tire salts of such metals as nickel, cobalt, 
lead, zinc and cadmium react with liydrosulphites yielding the corre- 
sponding metal sulphide and no free metal. 

With aldeliydcs and ketones sodium hydrosulphite readily forms 
addithre compounds, the most important being that derirxd from 
formaldehyde.^' This product appears to have the composition 2 CH 2 O. 
XaoSo0.i.4l-IoO, but is separable by recrystallisation from water into 
the sodium hydrogen sulphite derivative of formaldehyde, viz. CII 2 O. 
XalTSOo.lioO, and an analogous compound CTl 20 .X^aIiS 62 . 2 lL> 0 ,^’ a crys- 
talline solid of m.pt. 63° to 64° C. The latter is known as “ Rongalite ” 
and is of especial commercial importance on account of its stability 
at the ordinary temperature, although at steam heat it exerts all the 
reducing power of the liydrosulphites ; on this account " Rongalite,'’ 
or sodium formaldehydesulphoxylatc (p. 102), is a very convenient 

^ Bazlen, loc. clt. ; Jcllinek, Ztiisch. ano/g. Chern., 1911, 70, 93 ; 71, 96. For a method 
of obtaining Na^S.^O.j of 98 per cent, purity from the commercial product by a salting out 
method, see Christiansen and Norton, J. IruL Eng. Chem., 1922, 14, 1126. See also 
Badischc Anilin- unci Soda-Faorik, German Patents, 160529, 171991, 172929 etc (1905) • 
also U.S. Patent, 1609773 (1926). 

- Schutzenberger, Cornpt. rend., 1869, 69, 196 ; Meyer, loc. cit. 

2 Sinnait, J. Soc. Dyers, 1914, 30, 189. 

Orloff, J. Pinss. Plugs. Chern. Soc., 1904, 36, 1311. 

^ Bazlen, Per., 1905, 38, 1057 ; Siegmund, Moiiaish., 1912, 33, 1431 ; Meister, Lucius 
andBriining, German Patent, 162S75 (1906). 

Baumann, Thesmar and Frossard, Bull. Soc. In.d. Mulhouse, 1904, 74, 348 : Schmid, 
ibid., 1904, 74, 63; Zundel, ibid., 1904, 74, 49; Prud’homme, Bull. Soc. chirn., 1905, [hi.]’ 
33, 129: Peinking, Dehnel and Larhardt, Ber., 1905, 38, 1069; Binz and Isaac, ibid., 
1908, 41, 3381 ; Binz and Marx, ibid., 1910, 43, 2344, 2350. 
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form of reducing agent where storage for prolonged periods may be 
necessary before use. The aqueous solution may be stabilised by 
addition of a soluble zinc salt. Various other methods have been 
recommended for the preparation of Rongaiited' for example, the 
interaction of liydrosulphite and formaldeliyde in tlie presence of an 
alkali : 

Xa,SoO,-hCIUO--XaOH = CIihO.XaHSO,-Xa,SO.. 

and the reduction of sodium hydrogen sul])]iite solution with zinc 
dust and zinc oxide in the presence of formaldehyde,''- reerystallising 
from water at a temperature not exceeding 70' C. tlie crystals iirst 
obtained. 

Ap'pJi cations. — Sodium liydrosulphite and sodium fornialdehyde- 
sulphoxylate (*' Hongalitc are largely applied industrially, generally 
for bleaching jrarposes. Sugar,- soap, straw, etc., can be improved in 
colour by treatment witli tliese reagents. In tlie dyeing industry also 
these substances are used, for example to convert insolulhe dyes like 
indigo into a soluble form, by which means a vat suitable for dyeing 
can be obtained ; the reducing agent may also be applied locally to a 
dyed cloth and a pattern thereby produced. 

Constitution. — Although the formation of sodium fornialdcln'de- 
sulphox 3 date from sodium bwdrosulphitc (see before) might appear 
to indicate that the latter is a mixture of sodium hydrogen sulphite 
with sodium liydrogoi sulphoxijlatc, XMIISOo. it is generadh' acce]oted 
that the hydrosulphites are definite compounds : ^ a simple experi- 
mental observation in favour of this view is tliat a sliglitly alkaline 
solution of sodium h^'drosulphite becomes acid, on atmospheric oxidation, 
whereas an alkaline solution of sodium sulphite and sodium sulphox\date 
should produce onh^ normal sulphite and sulpliatc." The sulplwxylates 
are little known except for their formaldehx'de derivatives,^ only the 
sodium and zinc salts having been prepared (see p. 102). Except under 
exceptional conditions, therefore, the hydrosulphites are much more 
stable than the su]])]ioxylates. 

Sclilitzenberger ^ ascribed to sodium Imlrosulpliite the formula 
X'^aHSOo which, curiousb' enough, was also one of the earliest forinuhe 
suggested for sodium tliiosulpliate.' Oxidation processes are of assist- 
ance in indicating the nature of iivclrosulphurous acid : thus vrlien 
oxidised to tlie stage of sulphite, for example b\' ammoniacal copper 
sulphate solution, one atomic wxught of ox\'gen is required per molecule 
of acid, whilst on oxidation to the stage of sulphate, which can be 
effected b}' iodine or b\' ammoniacal co})per sulphate witli the addition 
of ammonium cliloride, a total of three atomic weights of ox\gen is 
consumed ; these results accord with the following equpvtions : 


Selnvarz, Bull. Boc. chi/n., ]000, 73 , iSo ; Cliciii. Fatrik von Heyden, Gtfinuit Batcnid, 
2{j'2S'2o, 202S2G, 202S27 (IU09) ; iicn'l and Greer, Aj/te/-. J. BJiarju., 1U22, 94 , SO. 

- En 2 :lort :ind Becker, Diiujl. -pohj. J., 1880, 262 , 186. 

Bernthsen, Re/-., 1881,14,-138, 2228: 1882 , 15 , 621 ; 1605, 38 , 1U4S. 

' Binz, ZtUsch. Barb. Tad. Ind., 1905, 4 , 101. 

^ fromoi, Ber.. 1900, 39 , 3317 ; 1908, 41 , 3397. Fur tin- ort-paration of ealeium 
derivatives, see Johnson, BriiiTn Palcni, 281134 (1927). 

Sclilitzenberger, Bull. Soc. cldm., 1869, [ii.], 12, 123; 1873, [li.j, 19, 152; 20, 

145 . 

‘ Odiiiig, Trans. Chan. Soc., 1 S 69 , 22, ISO (2XaHSU2=La2S203-H2O}. 
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X a oS oO 4 -j- II oO -r O = 2 N all S O 3 , 

XaoS . 6 , -f H 2O - 80 - 2 XaHS O „ 

S. 03 -f 0 = 2 S 0 o, 

2SOo-0,-2S03, 

according to wliicli hydrosulpliiiroiis acid corresponds with an oxide 
S.>0o (see, howcAXT. p. 224), whereas tlie oxide required for a salt 
XallSOo would be SO. In this way a decision between the rorinuhc 
X'aHSOl and XMoSoO.! is easily made, whereas the percentage of sodium 
and sulphur in the two salts is almost the same and is of relatively little 
value in enabling a selection between the two to be made. 

Confirmatory evidence of tiie })robable correctness of the formula 
N’aoS.^O.i is supplied by electrical conductivity measurements on aqueous 
solutions and comparison of the results witli those given by tlie normal 
salts of the other sulphur oxy-acids, namely Xa^SO^, X"a 2 SOo, 
and XdmS^.O^;. All these salts dissociate in two stages. Cryoscopic 
ineasurejnemts with the sodium salt also indicate the formation of tlirec 
ions per molecule. 

The foregoing considerations were of especial importance in the 
earlier history of tlie liydrosulpliites, before the salts liad been obtained 
in a })urc condition and before their syntheses by the direct interaction 
ot sulphur dioxide and tlic metal or metallic hydride were available as 
evidence. 

Coinsidering sodium hydrosulpliite instead of the unisolated free 
acid, the constitution is probably to be represented !)y one of the 
following formuhe : 

0 0 O 0 o 

(i) N'a — S — S — X’a, (ii) S — 0 — S or (iii) S — O — S 

6 6 Xa OXa OXa OXa 

The direct sul] 3 hur to suiplnir linking in tlie lirst formula is in liarinojiy 
with tlie formation of the salt ))y reduction of the sul])hiLe and with the 
stability of the salt in the presence of alkalis,^ but it is discounted by 
the absence of ditiiionate iVom die oxidation products, and liy tlie casv 
fission of the substance into suijdiitc and sulirhoxylatc on treatinenL with 
an aldehyde. 

The formuhe - containing the S--- 0- -S chain are in accordance with 
the assumption that the acid is a mixed anhydride derived from 
sulphoxylic and sulphurous acids : 


'oh 

HO 

so.> 

S 

H 

OH 


In support of this contention, the hydrolysis of tlie sodium salt in 

^ ?vlcver, ftnoi'ij. Cfum., UK).'), 34^ "tS ; rlelniR'lc, 'O/U., U)i], 70, 'io : 71, 1)6. Sco 

also Bazlen. Ber., 1027, 60, 'B], 1470 ; Baschig, SrJnrrfB- UfulBiicl:-^[ol]'-S(udtcti, 1924, p. 242 ; 
Chon. Zrntr., 1024, li., 1093. 

~ Bernthseii and Bazlen, Btr., lOOO, 33 , 126; Bernihsen, ibid., 1005, 38 , 104S ; Bazlen, 
ibid., 1905, 38 , 1067 ; Binz, ibid., 1904, 37 , 3540 ; 1009, 42 , 381. 
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alkaline solution in tlie presence ox sodium plumbite may be cited ; ^ 
at room temperature lead sulphide and lead axe slowly precipitated, hut 
if the solution is boiled before the addition of the plumbite only the 
suhohide is precipitated. The reaction in the cold is similar to that of 
rorma]dehydcsui]:)hoxyIate under similar conditions, so thxit sulphoxylate 
is evidently a ])roduct of the hydrolysis of the hydrosulphire. When 
the solution is boiled the sulphoxylate is decomposed, being converted 
into sul]dude and sulphite as last as it is formed. The ])resence of the 
S — O — S chain is also in agreement with tlie formation of benzyl 
sulphoxide, bcnzylsulphonic acid and benzyisulphinic mad ^ on trexxt- 
ment witli benzyl chloride and ipotassiuni hydroxide, and tlie only 
important fact possibly at variance Vvdth this constitutiomrl represen- 
tation is the stability of tlic substance towards alkalis, since it miglit 
be expected that a substance of such structure would resemble an acid 
anhydride in properties. 

The third formula pcrliaps expresses the general behaviour of 
liydrosulphitcs more closely tlian the second, particularly with respect 
to the action with, various o.xidising agents. With mild o-xidising agents 
sulphite is the main product, but gaseous o.xygeii is exceptional in 
producing approximately eigih-aicnt quantities of sulpiiate and 
sulphite.'^ 

Aqueous solutions of liydrosulpliites. become orange-yellow on 
acidification and the presence of sulnliur diioxide is soon evident. The 
yellow colour is not iluc to colloidal sulphur, nor. since its salts are 
colourless, would it i)e expected that the free acid should be yellow, 
unless there is some change in constitution. It has therefore been 
suggested that the decomposition on acidilicacion involves tixe forma- 
tion of a coloured isomeiide of the type (IlOj.^S.SOo by co-ordination 
of a molecule of sulphur dioxide witli the sulphur atom of sulphoxylic 
acid. The decomposition may proceed tlius : 

O 

(i) HO.S.O.S.OII-HoO 

(ii) S(OIi).2-rSOo 

and/or 

O 

(iiij IIO.S.O.S.OH ^ (KO joS.SOo. 

Further action resulxs in the ibrmation ol* pyrosuipliite and thiosuiplialcp 
which may be e.xplained thus : 

O 

(iv) IIO.S.O.S.OI-I-f(iiO).,S.SO 

^ Bassett and Durrant, J. CJic//). Sue., 1927, p. 14t»3. 

- Fromm and Palma, Bcr., 1900, 39 , 3317. 

^ Meyer, loc. cit. 

Bassett and Durrant, loc. cit. 

^ K. Jellinek and E. Jellinek, ZcitscJi. physihaL Chem., 1919, 93 , 325. 
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(HO)oS.SOo: 

(Coloured isomeride) 
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In addition, the further breaking down of these decomposition products 
results in the formation of poKdhionatesU 

Estimation. — As the chief value of liydrosulphites lies in their reducing 
power, the method of estimation frequently consists ol a measurement 
of the amount of a standard indigo solution which can be reduced by 
the sample. Another method is to titrate with stanaard ammoniacal 
copper sulphate solution until the hydrosulphite is almost completely 
oxidised and then to complete the process using indigo-carmine as 
indicator.- Ammoniacal silver nitrate solution has also been suggested 
as oxidising agent, in which case it is convenient to weigh the silver 
produced.-'^ 

Instead of making a direct volumetric determination of the hydro- 
sulphite it is possible to modify the process by estimating volumetrically 
the product of a primary reaction. For example the hydrosulphite 
solution may be submitted to atmosjihcric oxidation and the resulting 
acidity determined with standard alkali,- or a mercuric salt may be 
reduced, the mercury produced being estimated subsequently by the 
addition of standard iodine solution and titration of the excess of 
iodine ; one molecule of hydrosulphite is equivalent to an atom of 
mercury and therefore to two atoms of iodine.'" Similarly, instead of 
the gravimetric estimation of silver as described above, the latter may 
be redissolved in nitric acid and determined \'olumetrically.'^ 

Hydrosulphites may also be determined accurately by titration with 
standard ferricyanide ^ solution using ferrous ammonium sulphate as 
indicator ; the reaction is expressed by the equation : 

2 K 3 Fe(CN)c-fXa 2 So 04 i- 2 lIoO = 2 K.XaFe(CX),+ 2 H 2 S 03 . 

Alternatively, the titration may be conducted in the presence of alkali, 
the end-point being determined electrometrically.” 

An iodometric method consists in estimating the iodine liberated 
from a mixture of potassium iodide and iodate,^ excess of which is 
added to the hydrosulphitc solution, the reaction being according to 
the equation : 

3Xa .S .p 4 A 4KIO . + 2 KI = 31 A dXa ..SO 4 A 3K ..SO 4 . 

Excess of standard thiosulphate is added after the action and back- 
titrated Avith standard iodine. 

Another method consists in titrating tlie hydrosulpliitc vvith iodine ; 

^ Foer.ster, Lanae, Rrossbacli and Seidel, ZuLsch. aiiorg. Chem., 1923, 128, 278. 

2 Bosshard and Grob, Chtin. 1913. 37, 423, 437 ; ilelwig, A')ner. Jjijcsiujj Eepurttr, 
1920, 7, ii., 12. 

2 Seyewetz and Bloch, Bull. Boc. chlui., 1905, 38, 2051. 

^ OrloS, J. Buss. Phys. Clitm. Soc., 1904, 36, 1311 : aLo Bosshard and Grob, lov. dt. 
For a method of determination of each of the sulplinr acids m a mixture containing sulph.ide, 
hydrosidphitc, sulphite, tliiosul}3hate and sulphate, see Binz and Sondag, Bcr.^, 1905, 38, 
3830. For monogn-aplis on the hydrosulphites, see dcllmek, Ahrens Sarnhilung, 1911 ancL 

^ Smith, J. Arner. Chein. Sac., 1921, 43, 1307. 

^ Formhals, Chtm. Zeif., 1920, 44, 809 ; Briihns, Zdl-ch. anneir. C'ho/f.. 1920, 33, 92 ; 
Christiansen and Xorton, J. Ind. Eng. Cheni., 1922, 14, 1120.’ See also Rotli, Zeilsch. 
angew. Chern., 1920, 39, 645. 

' del Fresno and Valdes, AiiaJ. Pis. Quirn., 1929, 27, 368. 

® V'ilkes, J. Soc. Ghcm. Ind., 1923, 42, 356 T; Brotherton & Co., ibid., Chenaslry 
and Industry Review, 1923, i, 1131. 
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in the presence of excess of formaldehyde the formaldeliA'desulphoxylate 
alone (see p. 228) reacts, thus : ^ 

NaoS.p4+CKoO+2lod-4KoO=XarISO,d-4KI-rXaHSO..CHoO-H20. 

Sulphur axd Xitrogex.- 

Xhtrcgen forms at least three sulphides, nitrogen sulphide, X4S4, 
nitrogen persulphide, XSo, and nitrogen pentasulphide, X’oS5. and it is 
possible that the sulphides of this clement may prove as numerous as 
their oxygen analogues. 

Nitrogen Sulphide or Sulphur Nitride, N^S^.— ibuyured/on. — 
Nitrogen sulphide may be prepared by the action of dry ammonia on 
“sulphur dichloride dissolved in either carbon disulphide or benzene ; 

GSCl o -r 1 6XH3 =X4S I m 2S + 12XIl4Ch 

The ammonium chloride separates out in flakes, the solution becoming 
orange-red in colour. Since it is less soluble in carbon disulphide than 
sulphur, the nitrogen sulphide may be extracted from the product by 
fractional crystallisation from that solvent. 

When ammonia and sulphur monochloride. S.>Clo. each in icc-cold 
chloroform solution, are mixed, the main course of tlic reaction is : 

GS oCl 2 — f GXK 3 = 4S 4 "h S S -7- 1 2X H 4C 1 . 

After the sulphide X4S4 has been jmecipitated by the addition of alcohol, 
the mother-liquor on concentration yields nitrogen pentasulphide, X2S5, 
and also hexasuljdiamide, ScXI-l2-^ 

Suljohur reacts with liquid ammoiiia according to the equation : 

lOS -hdXHs =X ,S 4 A 6I-I oS. 

The hydrogen sulphide may be removed as silver sulpliide, whilst the 
nitrogen sulphide in. the liltrate can be isolated by extraction with 
carbon disulphide. 

Proper lies. — Nitrogen sulphide forms orange-coloured translucent 
monoclinic crystals with flat lustrous surfaces,^ a : b : c — 0*8S()G : 1 : 
0-8430 : ^ — 89" 203 It has a. density of 2-2. and melts at 179^ C.,^ 
but the melting-point is considerably lowered by tlie presence of free 
sulphur. Sublimatioji occurs near the melting-point, and as the 
temperature rises the substance becomes highly exjrlosh'e. It also 
detonates violently vdien struck. When lieated in a vacuum, nitrogen 
sulphide sublimes without decomposition,^ }}ut when sublimed in a 
vacuum over silver gauze at :3G0" C., the sulpliide is decomposed, the 
sulphur co^nbining with tlie silver. Burt noticed that, in addition to 

^ IMeriinian, Chttiti-^lry a/td Indu.-i,// iO cn ir, UiClg I, 2U(J. 

- See al.<o Vol. VL, Part I., of tins Series. Cliaoier XiJ.i'. 

Soubeiran, Ann. Chin]. Phyn., 183S, (2), 67 , 7.1. 

" Scheiick, Annalcn, 1S9G, 290 , 171. 

klacbctli and Graliane Proc. Poy. hlAi Arad., lb'i'3, 36 , 31. See also Gan and l.''sher, 
Proc. Poy. Soc., lUll, [A], 85 , S2. 

Artini, Chein. Zenlr., 1906, i., 1774 : Smith, Jid-n Jdag., 1911, 16 , 97. 

' Vosncs.senski. J. Puss. Phys. Chon. Soc., 1927, 59 , 221. See rd.so Sehenck, loc. cii. 

^ Burt, Trans. Chcra. Soc., foiO, 97 , 1171. 

■' Burt and Usher, Proc. Poy. Soc., 1911, [A], 85 , S2. 

Burt, Joe. cit. 
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the evolution of nitrogen and the formation of silver sulphide due to 
the action of the silver gauze, a blue sulphide was also obtained having 
the same empirical formula as the yellow snip aide, thus furnishing an 
example of inorganic polymerism. ^ 

Nitrogen sulplhde is only sparingly soluble in alcoliol,- etlier, wood 
spirit and turpentine ; it is hydrolysed by water or moist air with 
formation of ammonium tliiosulphate, animoinum tritnionate and 
ammonia : 

2Np4-rl5H,0-(Nn,)oS,03-r2(NH,)oS30, - 2 X 113 . 

With hot water tlic reaction is violent. , 

With the alkalis the corresponding sulpliite, tliiosulphate and 
ammonia are formed : 


X 4S i GKOH m ,0 =2K.SO 3 4- K /) 3 - -i-XM 3. 

])rv ammonia has no actioji, but the sulphide dissohes in licuiid 
anhydrous ammonia at —40'^ C., yielding a red solution. After evapora- 
tion of the ammonia an orange or brown powxler remains coiitaining 
up to two molecules of ammonia, but this })0\vdcr dissociates slowly 
e\'en at ordinary temj)cratures. 

Solutions of jnctaliic iodides in anhydrous ammonia form precipi- 
tates with nitrogen sul])liide in ainnioniawal solution. I.ead iodide 
thus i'ornis the eom])ound lead dilhiodi-iadde. Pi)X2So.Xil3. which 
crystallises in olive-green prisiiis, turning orange ori ex])(;surc to the 
air. Hydroehloric acid reacts quantitati\ cly witli tliis lead coinpound 
according to the equation : 

PbXoSo.XH3-rGIICl-PhCU-!-:mi3-2S-r^CU. 

Dry liquid hydrogen sulphide reacts in aeeordanee witli the equation : 
PbXoS o.XII 3-31-1 oS =PbS +4S -I- 3XH 3. 


Althougli prepared in a similar maimer to the lead compound, the 
product formed with mercury iodide contains one atom less of sulphur 
per molecule, thus, mercury tliiodhirnide, HgX^o^-^^^a- 

Ruif and Geiscl ^ assume tliat the compound of nitrogen sulphide 
witli ammonia dissociates in anhydrous ammonia solution forming 
(a), X : S • XH.,, and (/;), S : S(XI1).2, of wIlIcIi the (brnier yields an 
insoluble mercuric salt, XA S * X^Iig, and the latter an insohdoic lead salt, 

- vNx 


b : S'^ ^Pb. Vosnessenski formulates the mercurv salt as Sd /Pig’- 

Under similar conditions tlie cyanides of potassium, magnesium 
and aluminium form tlie corresponding tldocyaiiates. Tliere arc indica- 
tions that the sulphur nitride reacts with ammonium sul]:5]iide in the 
solution to give sulpliur, which then interacts with tlie cyanide ; 


X4S4A6(XH4)2S = 16XIl3-f-10S. 


^ Usher, Trans. Che.hu Soc., 1925, 127, 130. 

For data of solubility in alcohol, carbon disulphide and benzene, see Vosnessenslci, 
loo. cit. 

^ Ruff and Geisel, Bcr., 1904, 37, 1,573. 

Berg-Uoni, J . Amer. Chun. Suo., 1926, 48, 2319. 



co:\iPOi^a)s of sulfpiff. 


235 


Silver and mercuric cyanides lorm tliiucyamiie^. but considerable 
amounts of sulphides are also precipitated. 

Heated to 120^ C. in a closed pdatinum vessel, liydroaen lluoride and 
nitrooen sul]dnide unite to i*orm a red liquid, wliicli readily deeomnoses 
into its constituents. In tlie presence of traces o!‘ imsisture. thionvl 
lluoride is formed. Dry hydrogen cliloride reacts with nitroLcn sul- 
ipliide according to the ecpjation : ^ 

X,S,-12Ha=.-lXII.--IS-GCU. 

The sul|)liide, dissolved in benzene or alcohol, reacts witiii livdrogen 
sulphide {'orming auiinoniiim polysulphide or ammonium tliiosuljdiatc, 
resi)ecti\’el\'.- 

3iany .sr///.v are eapable of forming addith'c j)rodiicis with nitrogen 
suholiide. tlie components interacting in carbon tetracliloridc solution. 
AVitii liiaiiliDii 1(dracJdur'idit\ TiC’l^, a brownish-red amorplious compound 
is formed wliicli reacts vigorously witli water and witli alkalis. Accord- 
ing to A\'dlbling'^ tliis su})stancc lias tlic composition X.jS.i.TiCl;. but 
according to Davis ’ the composition is X.jS ;.TioC'!f5. reduction having 
taken ]dace. ^infirnoinj pcidachdu’idc gives a staoie scarlet ce>m])ouiid. 
X4Si.SbCl5. Siauiiic cldoridc yields an analogous red compound, 
2X jS4.Sii('l4. SUninoK.s chloride docs ikT com’oiue directly wit!': nitrogen 
sul})hide, Imt in warm licnzene solution a yellow compound is obtained, 
the constitution of A^•jdc]l iuis not been determined. Whtli seleitiia/i 
dichloride a green compound, X.jS.i.SeCl., is obtained, hi tlie case of 
tiingbien htwachloride the conijiound formed is X^^S j.WCl.:, reduction 
having taken placc.^ 

The addition of '' sidphur dichluridie to nitrogen sulphide in solution 
also ^d.elds addUivc products, the following having been jirepared : ^ 
aX.sV'iSCio, X.,S4.SClo aiicl X4 S,i.2SC1.,. 

Xitrogeii sulphide acts slowly on the acids of tlie parailiii series. 
In the ease of acetic acid there is an evolution of sulpluir dioxide, and 
sulphur and ammonium sulphate are olTained, as well as small quantities 
of free nitrogen. Considerable quantities of acetamide ami ciiacetamide 
are also ibrnied." Tlie suFIdde is indiircrent towards primary and second- 
ary liases of tlie arraualie seiios and towards all tertiary bases. ^ 
Xitrogeii sulphide* lias beeii eiaim-ed to a^.'^ist llic wileanisatimi oi‘ ridober. 

Cousiitiitio’i. — According to Schenck.'’ aiid Clewr and jIutbmamiA^ 
iiitrogeii sulphide has the constitution 



^ Kuit and CToisel, 37 , 1573. 

“ Wolbling, Zeitsc/i. anonj. Cheju., 1908, 57 , 281. 

^ Wolbling, loc. Cit. 

^ Davis, Tunis. CJichl. Soc., 1906, S 9 , 1576. 

^ Davis, loc. cit. 

" Vosnessenski, J. Jtuss. Thys. Cliciii. Snc., lilio, 59 , 221. 

‘ Francis, Tunis. Chan. Soc., 1905, 87 , i83o. 

^ Sclienck, ^i/UKilrr, 1896, 290 , 171. For certcon. culonr tuiii.-- en F jS,, rsee X'osnes- 
venski, J. IT/ ■■■■<. Fhy.u Chan. Soc., 1928, 60 , 1037. 

^ Sclienck, loc. cit. 

Clever and Mutiimann, Btr., iS96, 29, 34u. 
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Ruff and Geisel ^ consider that its most probable constitution is 

.N-S IN 
S : S< 

• S i N 


their researches on the sulphur halides rendering the bivaleiiey of all 
the sulphur atoms in the sulphide improbable.- 

The latter formula is in accordance with the beha\dour of the sulphide 


on liydrolysis, its reaction with hydrogen chloride, and vvdth tlie formula- 


tion of the metallic derivatives 



>Fb and S 



The 


action of acetyl chloride, whicl: 
and the reco'^/ery of nitrogei 
action of ammonia, arc facts 


i produces the compound X 3 S.JCI (p. 238), 
1 sulphide from this conijDOund by the 
Vvliich cannot be explained by this for- 


/S-N-S, 


mula.^ nor does the cvelie formula. ]>rit forward bv 

IMeuwsen,'^ completely satisfy. The constitution is not, therefore, 
CO m pi e t ely elu ci d a t ed . 

ISTtrogen Persulphide, — ^^ATien nitrogen suhpliide, is 

sublimed with sulphur at 125"^ C. (in tlic absence of silver gauze, cf. p. 
233), nitrogen persulphide is obtained as a dark-red liquid, somewhat 
resembling ]:)rominc, wliicli, at tlie temperature of solid carbon dioxide, 
solidifies to a ])a]c yellow solid. The. liquid has a penetrating odour 
resembling that of iodine, and can ])e distilled unclianged in a vacuum. 
At ordinary temperatures it decomposes slowly, forming yellow nitrogen 
sulphide and sulpiiur. The persvdj)hide is decomposed by water into free 
sulphur, and ammonium salts are fori^icd.^ 

Nitrogen Fentasulpliide, NoS-^. — Nitrogen pentasul].)]iidc is formed 
the decomposition of the yellow' sulphide, and its derivatives. 

It is formed, for example, w'hcn tlie yellow' sulphide is exploded by 
friction, wlieii the compounds of w'ith the halogens or w'itli nitrous 
or nitric acid are boiled with water, and also when is heated care- 
fully W'ith lead oxide. 

The pentasulpliide may l)e prepared by licating togerlicr yellow 
nitrogen sulphide and carbon disulpiiide under ju'essurc : 


N4S,-2CS,r-=X,S5--S-;-2CXS. 


A deep red solution is obtained and a brown precipitcdc. The solution 
consists of nitrogen pentasuiphidc and sulpluir in carbon disulphide, 
the pentasuiphidc being exti’actcd by means of ether. If the product 
is pure, containing no sulphur , it crystallises IToiii tlie etlier solution 
in tablets ol metallic appearance somewhat resernlvling iodine. The 
brow'll precipitate has the composition C 3 X 3 S 3 (see p. 281). 

Xitrogen pentasuiphidc may also be obtained by the action of (‘arbon 


" Ruft' and Geisel, Bc/\, 1904, 37, ir)73. 

" Paiir and Fisclier, ibid., 1903, ^6, 418 : Kiitf and Wdnterftdd, ibid., p. 2437. 

- Vosnessenski, J. Russ. Rhys. Cheui. Soc., 1027, 59, 221. 

’ dleinvsen, Ber., 1929, 62, [B], 1959. 

^ Usher, Trans. CJiem. Soc., 1925, 127, 730. IMoldenhaaer {Brr., 1929, 62, \B\ 2390) 
describes a bluish-black disulphide, (iSiS.,)x- 

® Huihrnann and Clever, Zdtsch. anorg. Chem., 1896, 13, 200. 
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tetrachloride on at 125' C. In this case a black complex by-product 
is obtained. 

The aeticn of zinc dust on a sus]mnsion of thiotrithiazyl chloride. 
XoSjCI (see ]). 23S), also gives the pentasulphide. 

Xitrogcn ]:)eiitasulphide is a deep red liquid, which solidihcb to a 
ervstalhre mass strongly resembling icnine. It melts at 10 ' to 11 ' C. 
Its spccilic gra’N'ity at 18 ' C. is 1*901 . It is iiisoliible in water but soluble 
in most organic solvents. It is unstable in solution, especially on ex- 
posure to light, the products of its decoinpcsition being X ;S.i and sulphur. 
When boiled with w'ater or witli acrueous solutions of the caustic alkalis, 
ammonia and sulphur arc Ibrnied. An aleolioHc solution of an alkali 
hydroxide added to an alcoliolic solution of nitrogen peniasul])hide pro- 
duces a transient but intense vioiet-rcd coloration. So cliaracteristic 
is this reaction that it may be used for the detection of very small 
quantities of the pentasulphide. Alcoliolic solutions of the alkali 
sulphides yield ammonia and a pol^'sulphide. Yv^ith hydrogen sulphide, 
ammonium polysulphide and sulphur are formed, thus : 

XoS5-f4lioS = (XIl,),S,-r4S. 

Tlie pentasulphide is violently oxidised by concentrated nitric acid, with 
formation of sulphuric acid, whilst dilute hydrochloric or sulphuric acid 
yields the ammonium salt and sulpliur. 

Cryoscopic determinations of the molecular weight, using benzene 
as solvent, gWe results agreeing witli tlie formula X 0 S 5 . 

Sulphammonium, S(NK 3 ),.. — lYhen sulphur reacts with liquid 
ammonia at temperatures varying bet'ween —38' C. and —11*5^ C., 
the solution obtained is blue in colour and f'rom it red, fern-like leaflets 
are obtainable, to wiiich the name sulpiiammonium lias been given. ^ 
Sulphammonium is formed also by the action of Iiydrogen sulphide on 
nitrogen sulphide, X'.-S., dissolved in animoiiia at —35' C., and by 
the action of ammonia and a limited amcurit of Iiydrogen sulpliide on 
lead or mercury ditliiodi-imide.- lied, fern-like leaflets of solid suIpJi- 
ammonium arc also produced by submitting a mixture 01 nitrogen and 
ammonia at — 12 ' C. to a iircssure of 45 atmospheres in the presence of 
sulphur. 

Examinaticn of the absorption of light of ^’arious wmve-lengths by 
solutions of hydrogen sulphide and nitrogen suhdiide in liquid ammonia 
shows that several compounds must exist. 

Sulpliammonium dcco^nposcs into ammonia and sulpliur under 
ordinary pressures. With liquid ammenia in sealed tubes at tempera- 
tures between 0 ^ C. and 20 " C. it gives the compound (E'iT 3 )oS. 2 XHo, 
and at —2S^ C. it forms (XHIb.^^-XI-bv Ydith iodine in solution in 
liquid ammonia, sulphammonium forms an ammcniacal compound of 
sulphur iodide. The blue colour of a solution of sulphammonium may 
possibly be due to the presence of colloidal sulphur.^ 

Hexasnlphamide, SgNHo. — In the preparation of nitrogen sulphide, 
X 4 S 4 , from ammonia and sulphur monochloride, as already described 
(p. 233), the mother-liquor may. on concentration, yield hexasulphamide 
in addition to nitrogen pentasulphide. Tlexasulpliamide crystallises 
in colourless, square plates, melting at i05'" C. It is insoluble in wmter 

1 Moissan, CompL rand., 1901, 132, 510. 

“ Ruff and Geisel, Bar., 1905, 38, 2659. 

2 See also Ruff and Hecht, Zeitsch. anorg. Chem.^ 1911, 70, 49. 


23S 


SULPHUR, SELENIUM, AND TELLURILAI. 

but soluble iu most organic solvents. It gives a coloration witli alcoliolic 
potash and v'ith alcoholic solutions of organic bases. ^ 

Nitrogen Glilorosulphide, — ^This is obtained by the 

action of chlorine on nitrogen sulphide, eitlier in chloroform 

solution or suspended in carbon tetrachloride." Phe chlorosulphide is 
a yellow, crystalline solid, unstable in moist air ; it is also unstable 
wlien kept under carbon tetrachloride, but crystallises from hot dry 
benzene without decomposition. It decomposes on lieating with 
formation of some sulphur monochloride and nitrogen. The sulphur 
chloride formed may reunite with part of tlic chlorosulphide to form the 
stable compound, tritliiazyl chloride, XySaCl. This change takes place 
rapidh^ at 100° C. Water decouipcses nitrogen chlorosulpliidc according 
to the equation : 

XX,Cl,-j-SHo0-4Xn4C]-4S02. 

The chlorosulphide is reconverted into nitrogen sulphide by the action 
of cold ammenia. When treated witii dry liydrogen chloride in l^enzene 
solution it yields a bright yellow compound whicli is only slightly 
decomposed by cold water but immediately by lukev/arm vrater. 

Trithiazyl Chloride, N3S3Ci, is formed by the decomposition of 
nitrogen chlorosulphide. It forms stable copper-coloured needles, which 
are slightly soluble in chloroform,^ 

Thiotrithiazyi Chloride, N3S,jCl, is obtained when nitrogen 
sulphide, X4S4, is added to ''sulphur dichloridc dissolved in its own 
volume of chloroform or carbon tetrachloride and the resulting mixture 
boiled."^ It is mere conveniently prepared by heating nitrogen sulphide 
with aceWl chdoride.^ Thiotrithiazyi chloride is a yello^y, crystalline 
solid, insoluble in most solvents but slightly soluble in tliionyl chloride, 
from whicli it crystallises in brownish crystals. It is decomposed by 
water, forming ammonium trithionate, ammonium chloride and sulphur. 
Similarly it yields trithionic acid with dilute liydrochloric acid : 

2X 3S ,C1 W 1 21 1 ,0 -f 4HC1 = 2II ,S 3O ^ - 6X11 4CI 2 S . 

With concentrated nitric acid, thiotrithiazyi chloride yields tliiotritliiazyl 
niiraie, X3S4.XO3.'' Like nitrogen suljihide, with dilute aqueous alkali 
it yields sulphite and thiosulphate.® When thiotriUniazyl cldoride is 
boiled with alcohol and tlie resiiltijig solution treated with a few drops 
of alcoholic potash, an intense violet-red coloration is produced. 
Ammonia gas is rapidly absorbed by the dry compound, which then 
explodes violently after a few minutes. If thiotrithiazyi chloride is 
suspended in chloroform and submitted to tlic action of a stream of 
ammonia gas, the liquid becomes orange-red ; ammonium chloride and 
ammonium sulphide are produced and nitrogen sulphide is regenerated.^ 

Dithiotetratliiazyl Chloride, N^SgClo, may be prepared by the 

Macbeth and Graham, Proc. Pay. IrUi AcncL, 1923, 36, 3i. 

- Demarcay, Compt. rend., 18S0, 91, 8ml; 1881, 92/ 720; Andreocei, Ztitsch. (rnonj. 
Cheni., 1897, 14, 246. 

^ Demarcay, loc. cit. 

Wolbling, Zdtsch. anurg. Chem., 1908, 57, 281. 

^ Muthmann and Seitter, Ber., 1S97, 30, 627. 

Vosnessenski, J. lima. Phys. Chem. >Soc., 1928, 60, 1037. 

' Demarcay, Coynpt. rend., iSSl, 91, 1066. 

^ Vosnessenski, loc. cit. 

Muthmann and Seitter, loc. cii. 
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action of nitrogen sulphide, X4S4, on sulphur inoiiochioride i!i the cold. 
It is deposited as a black, crystahine solid, which (jji lieating decomposes 
thus : 

dX^SgCio^S iXoS ^Ci. 

Crystals of dithiotetratliiazyl chloride make a crimson mark on i)apcr.^ 

By the action of nitropen sulphide, X.S:. on a chloroibrm solution 
of nitropen clilorosulpliide. XjS.Clj. a co]y)er-coioiired coinpound is 
obtained, jy^ssihly of com])osition XXXI. This compound is less 
soluble in. chloroform tlian nitropen clilo'-osulphide and does not eliange 
so readily. It decomposes with a feeble exphosion Vvdien strongly lieated. ^ 

Xitrogen sulphide, X jS^, ibrms various compounds with “ sulphur 
diciiloride when trie two are mixed in carbon disulphide solution - (see 
p. 285). In tlie presence of excess of sulphur dichloride '' the oroduet is 
tiiioditliiazyl dichloride, XXyCh, or XjS.,.2SCL2* This compound has 
also been prejuxrcd by tlie union of ‘’sul])liur dicliloride with tluotri- 
tiiiazyl chloride.'^ Tiiioditliiazyl dicliloride forms yellow crystals which 
decompose in air, losing a part of tlieir sulpliur chloride and becoming 
reddish-black in colour.. With concentrated sulphuric acid, hydrogen 
chloride is liberated and a red solution is formed. Water acts on the 
dicliloride with formation of a black compound of composition X.2S3O3. 
Chlorine reacts vritli formation of nitrogen chlorosulpliide, X4S4CI4. 
At 100" C. thiodithiazyl dicliloride decomposes with evolution of clilorine 
and nitrogen chlorosulpliide. The residue consists of thiotritliiazyl 
chloride. 

A red eom])ound of composition X..S4.SCI0 is adso obtained by the 
interaction of ,X sulphur dicliloride'' and nitrogen surpliide in carbon di- 
sulpliide soliiLion. and consequently it is formed during the preparation 
of nitrogen sulpliide by the action of ammonia on the dicliloride in 
carbon disulphide (p. 288). It decomposes at lOO’ C., forming the 
coynpound 3X4S4.2SCI2- wliicli substance is also obtained wrien excess 
of nitrogen sulphide is added to '' sulpliur dicliloride." 8X’4S4.2SCU is a 
yellow jmwder, wliicli is slightly soluble in carlion disiih)hide and yields 
a blue sulistaiice with water. A llceting violet coloration is iirodnced 
hy the action of alcoliolic ]iotasii.' 

Nitrogen Bromosulphide, NjS.Biq. — When nitrogen su]})liide is 
treated with, bromine in carlion disulpliide solution, bronze-coloured 
crystals of nitrogen bromosulphide are obtained. This compound 
decomposes in moist air. forming a yellow, amorphous compound, of 
composition X4S5Br2. i^serliaiis X4S4-SBr.2. Xitrogen sulpliide also 
absorbs bromine vapour, forming red crystads haidiig the composition 
X4S4Br(3, This latter is a very unstable com]:)Oiind : carbon disulphide 
deprives it of some bremine, and it decomposes in moist air with forma- 
tion of tlie yellow eonniound X4S5Br2. ’‘.Vitli nitrogen peroxide in carbon 
disulpliide solution it yields crystals of a compound XSO4. which is 
decomposed by water into nitric oxide and siilpliuric acid. If nitrogen 
bromosulnhide, Xp.-Biu, is digested with nitrogen peroxide in carbon 

^ Demarf;ay, Joe. cit. 

■ Fordos and Gelis, Ann. CJiini. Phij.i., 1851, (3), 32, 403. 

Demarcay, Co)npl. u ISSO, 91, 854, 1000 : 1S81, 92, 726. 

^ Demarcay, Joe. clt. 
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disulphide solution, yellow crystals are formed, apparently of conaposi- 
tion NSO, but very unstable, gentle heat causing complete decomposi- 
tion. Similar treatment with nitrogen peroxide converts the compound 
NpSsBro into X^SoOg, which yields large yellow crystals.^ 

Thiotrithiazyi Bromide, NgS^Br, is obtained by the interaction 
of nitrogen sulphide, N4S.1, and “ sulphur dibromide,” SBr.,, in chloroform 
solution. In carbon disulphide solution the product obtained has the 
composition N.^SsEr,- Thiotrithiazyl bromide is also formed when 
excess of bromine acts on thiotrithiazyl chloride in warm carbon di- 
sulphide solution. It is also produced when nitrogen bromosulphide, 
N4S4Br4, is exposed to the action of moist air.^ Thiotrithiazyl bromide 
forms small, yellow, needle-shaped crystals, stable in air. On boiling 
with water the products are ammonium bromide, sulphur and sulphur 
dioxide. Hot dilute alkalis ^deld ammonia, together with the alkali 
bromide, thiosulphate and sulphide. 

Thiotrithiazyl Iodide, N3S4I, may be prepared by dissolving thio- 
trithiazyl chloride in ice-cold water and adding excess of an ice-cold 
solution of potassium iodide. It is also formed by the action of iodine 
dissolved in methyl alcohol on thiotrithiazyl chloride, but prepared in 
this way it is invariably contaminated with chlorine. It is a dark red 
crystalline powder which decomposes spontaneously with evolution of 
iodine on exposure to air.*^ 

Thiotrithiazyl Nitrate, N3S4NO3, may be obtained by dissolving 
thiotrithiazyl chloride in concentrated nitric acid and evaporating the 
yellow liquid produced in a vacuum. It forms long, yellow, transparent, 
prismatic crystals, which become opaque after several days and acquire 
the odour of sulpluir dioxide and the oxides of nitrogen. It is 
explosive. Its solution in water is yellow at first, but quickly becomes 
opaque, depositing a black substance mixed with a large amount of 
sulphur.^ 

Nitrosulphonic Anhydride, NoSoOg. — For this substance see 
p. 250 . 

Thiotrithiazyl Hydrogen Sulphate, N0S4.HSO4, is obtained when 
thiotrithiazyl chloride is dissolved in concentrated sulphuric acid. 
There is an evolution of hydrogen chloride and, on addition of acetic 
acid to the solution, the hydrogen sulphate is deposited as pale yellow 
needles.^ 

Thiotrithiazyl Thiocyanate, N3S4GNS, is obtained by adding a 
solution of potassium thiocyanale to an ice-cold solution of thiotri- 
thiazyl chloride or nitrate. It forms lustrous bronze leaflets, readily 
soluble in benzene and chloroform. 


Muthmann and Seitter ^ regard these thiotrithiazyl compounds as 
having the constitutional formula 


S : S: 


N • 

>N • S' 


X" • X. 


^ Clever and Mnthmann, Ber., 1896, 29, 340. 

“ Wolbling, Ztiiscli. anorg. Chern., 1908, 57, 281. 
^ IMutlimann and Seitter, Ber., 1897, 30, 627. 
Dcmareay, Coiapt. rend., ISSO, 91, 8o4, 106G. 
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Aniides ol the Sulphur Oxy-ucids. 

These compounds stand in close relationsliip witii the correspondincT 
acid chlorides, \v}iie]i have been descriljed earlier. 

Thionylamide, SO(NH_>)o, tlie amide of suhdiiiroiis acich is un- 
known, althougli indications of tlie existence of an unstable iifudo- 
,sulpJ/inanrt(h\ Xii{SO.>iIi .->)o. ha^'e r)ee!i obser\'ed in tlie product of the 
interaction of thionyl chloride and liopiid animonia. 

Sulphamide, SOoiNHbo, the amide of siiljihuric acich may be 
obtained by tlie aefion of dry ammonia upon a cooled solution of 
sul]}}niryl chloride in either ethylene chloride or chloroform solution : ^ 

4XIl3-bSOX]o-SO.(XH,)2-;':^XlI,C!. 

It is better pre])arcd by saturating a solution of siilohiiryl cliloride in 
15 to 20 times its volume of cTJoroiorni with animonia and shaking tlie 
product with water until the })rccipiiatc has dissoK'cd. TIic aqueous 
solution, after boiling with lead oxide or silver oxide to remove chlorine 
and filtering, yields a viscid, hygroscopic liquid on eva])oration.- 

Another method of pre])aration for pure sulpha-nide is to dissolve the 
product of the reaction between sulpliuryi chloride and liquid ammonia 
in a small quantity of ivater and acidify the solution in order to cause 
hydrolysis. After two or three days, when liydrolysis is complete, the 
mixture is evaporated to dryness in vacuo and the residue extracted 
witli ethyl acetate. The sulpliamide is dissolved out and on ei’aporating 
off the etliyl acetate, pure sulphamide is obtained.^ 

Sulpliamide forms large, colourless, tabular crystals, which melt 
between Oi-5" and 03" C. It is tasteless, only sparingly soluble in 
water or dilute alcohoi, and neutral iu reaction. On lieating to 100^ C. 
it begins to lose punmonia, witli formation of h)/I(Iod}s-u]pJa:i/nide, XA-io. 
SOo.XTI.SOo.vf iTo. and at 250' C. it deeonqioscs completely, with loss 
of sulphur dioxide. Vfitii ammoniacal silver nitrate a iprccipitate is 
produced, whieli C)ii heating to a temiierature of ITO’' to ISO' C. (pre- 
ferably witli a little ammonium chloride) until evolution of ammonia 
ceases, dejiosits the silx'cr salt of siilphfmiide. SOXblg. On lieating, 
this com].)ound yields metallic sih'cr mixed with a little silver sulphate. 
Suhphamide dissolves readily in cold conccntra.tcd nitric acid without 
nitration. On the a,ddition of concentrated sul])liuiic acid, }niro~ 
sulpha/}) ide, XIlo.SOo.XILXOo, is jireeipitated. This, on reduction 
with zinc dust and diiute siupluuic acid, yields lirst. liydraziiie sulphon- 
amide, XlIo.SOo.XlI.XIi.;. and ultimately, amidosni phonic acid and 
hydrazine snlphonic acid or their zinc salts. 

Suljihamide ab-soi lis 

I'-l mol ecu lar proportions of dr v ammonia at —20' C. 

3-0 .. .. ^ .. 0"C. 

5-4 „ „ ,, .. -20^ C. 

In the pure state, sulphamide is a noii-eleetrolyte, indicating the 
weakness of its acidic tendencies, 'dfith tiie alkalis it forms salts, but 
not more than tv;o atoms of hydrogen are displaceable by the metal.^ 

^ Regnanlt, A/in. Chim. PJn/.s., ISoS, 69, 170. - TrcUibe, Bt/ 1S92, 25, 2472. 

^ Ephraim and Gurewitsch, Ber., 1910, 43, 13S. 

Hantzsch and Hoi], ibid,. 1901, 34 , 3430. 

VOL. VII. : 11, 10 


242 


SULPHUR, SELENIUM. AND TELLURIUM. 

From a consideration of tlie electrical conductivities of its solutions it 
has been suggested ^ that sulphamide may also exist in an ad form, thus : 

/NIL, /OH 

S 0 .>< “=?^NH:SO< 

\XH, 

Aci. 

just as in the case of carbamide. 

Imidodisulphamide, NHo.SOo-NH.SO^.NHo, is the first product 
of the action of ammonium carbamate on pyrosulphuryl chloricie.- It 
is also obtained when sulphamide is heated nearly to its melting-point. 
Imidodisulphamide forms needle-shaped colourless crystals, melting at 
160 '' C., and having a distinctly acid taste, since water causes rapid 
decomposition into sulphamide and amidosulphonic acid : 

XH(S02.NH2)o-i-H.O=S02(XH:,)o-fXHo.S020H.^ 

Sulphimide, or Trisulphimide, (802X11)3. — This is formed 
together with ammonia and imidosulphonic acid when sulj^hamide is 
heated at 200'' to 210^ C. It is also formed in small quantity as the 
ammonium salt, together with sulphamide, Vvdien sulphuryl chloride is 
treated with ammonia in chloroform solution : ^ 

3SOoClo-|-12XH3=(S02.X.XHj3+6XH^Ci. 

Sulphimide is described ^ as consisting of glistening white needles, melting 
at about 165 ° C., readily soluble in water, alcohol and acetojie, sparingly 
soluble in ether and insoluble in benzene or chloroform. It is decom- 
posed by hydrogen chloride with formation of ammonia and sulphuric 
acid. Ebullioscopic determinations of the molecular weight in ethyl 
acetate solution ])oint to the formula (S02X'K)3. Hantzsch and Stuer, 
however,^ are of opinion that trisulphimidc is unknovm in the solid form, 
and that the substance previously described as sul])himidc is really 
imidodisulphamide, XH2.SO2.XIT.SO2.XTl>, produced by the action of 
water on trisulphimidc : 

.SO,.XI-L 

XHd >SOo-r 2 HoO=XH,.SO,.XH.SO,.XHo-r-H,SO,. 

^SOo.XTF " " “ - - . . • 


The Suiphonic Acids. 

Just as chlorosulphonic acid may be regarded as derived from 
hydrochloric acid by the substitution' of the group — SOo-OIT in place 
ol the hydrogen atom, so also many other conq^oinids are known which 
likewise may be considered as produced by the introduction of the 
suiphonic acid group in place of hydrogen. 

For example, ammonia and its hydroxy derivatives yield a series of 
suiphonic acids, their relationships being represented by tlie following 
table m 


^ Traube and Ueubke, Ber., 1923, 56, [B], 165G. 

- Mente, Annalen, 1888, 248, 232. 

Hantzsch and Holl, Ber., 1901, 34, 3430 ; Hantzsch and Stuer, tbicL, 190b, 38, 1022. 
Traube, 'ibid., 1893, 26, 207. 5 Hantzsch and Holl, loc. cit. 

^ Hantzsch and Stuer, Ber., 1905, 38, 1022. 

Rasehig, Annalen, 1887, 241, 161 ; Rremy, Ann. Cliim. Phys., 1845, (3), 15, 408; 
Claus and Koch, Zeitsek. CJiern, Phys. Maih., 1861, (2), 4, 684 ; Ber., 1871, 4, 186, 221, 504. 
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XH.,, 

] 

: HO.XJE. 

j llydioxi Uariaif-. 

XH(OH)„ 

D ' : ; J ! ox 0 T u: ; ; a . 

1 

X;OKh, 

■■ Oiri.u-:; iroii£ ” ac-d. 

:\H.,.s(D.of-r, _ 

.■viii.iiO'ulplK'tr.ii' 

HO.XH.SCD.OH, 

; ii_\ ilioxyI::ni !!ti-.Tu!]ii;o!iu; 

: a' ai. 

OH.SO,.X(OHy., 

1 )iii\ (.iioxylaaiotc-- ::1- 
oiiuaif a. -id. 


XH(SO,.()H)„ 

! Tnii'k'j'Uli.'rioiiii- -n'ld. 

i HO.X(SO..OPh, 

TTyuroxy:ai'.!iJaj-iJ’?iil- 
1 lihotiu- .;aul. 



X(S()..UH).., 

Xa I ilosuliihoiu'' ricai. 

1 i 


i i 

; j 


Tlie foregoing sulphonie acids are all known, at least in the form of 
tlicir salts, and are obtainable, directly or indirectly, by tiie interaction 
of sul})liurous and nitrous acids or tlieir salts. Isomerides of some of 
the sulphonie acids arc also known, for example, liydroxylamine-fsc- 
sulphoiiic acid, XHo.O.SOo.OI-I,^ whicli is obtainable by the action of 
chlorosulphonic acid on hydroxylamine hydrochloride. As its consti- 
tution indicates, this isomeric acid is in reality a derh'atiA'e of permono- 
sulphuric acid (see p. 192 ). 

By the action of sulphur dioxide on ammonia three different com- 
pounds may be formed, the product depending on the conditions of the 
reaction. Tlie proportions in whicA the gases combine depend largely 
on tlie extent to which the temperature is allowed to rise, the heat of 
union being considerable. The product also varies according to wdiich 
gas is present in excess, unless the temperature is kept ^'ery low, 
in which case ammonium amidosulphinate is formed. ^Vhen sulphur 
dioxide is in excess tlie yellow, crystalline afiu'dosuIpJiinic acid, XPI3.SO2 
or Xllo.SOoih is formed. A itli excess of ammonia the product may 
])c either tixe white, crystalline salt, ainnwniujii amldoculphinate, 2X^113. 
SOo or Xn 2 .SOo.XUj. or irianinujiuiDii imidodlcLd-pliiiiate, 4-XTi3.2Sdo 
or XIi4.X' : (SOo.XH_i)o- a red compound, having the same percentage 
composition as ammonium amidc^su]])hiiiate but of double molecular 
weight. That in the molecuie of this latter substance tiirec of tlie 
nitrogen atoms are jilaced differently from the iburtli is CA’ident from 
tlie formation of a silver salt. Ag.X : ( SO^Ag^o. Avhicli is also red in 
colour. Triammonium imidodisulpliinace is also obtainable by the 
action of thionyi chloride on iic|uid ammonia, a diamide lirst being 
for Tried : 

2SOCl2-bTXB3=IIX : (SO.Xll2)2-~4XH4Cl. 

Tlie diainide is hydrolysed by water to ^^(SOo.X'IIj).,, which reacts 
Avitli more ammonia to form the triammonium salt. On evajxoration, 
and digestion of the residue with absolute alcohol at — 5 ' C., a red 
solution is obtained, Avliicli, when eA'a]xoratcd in a vacuum, yields the 
triammonium salt in the form of red Hakes.- 

^ Sommer and Templin, Btr., 19.14, 47 , ]221. See also Raschig, ibid.^ 1906, 39 , 245 ; 
Haga, Trans. Chem. Soc., 1906, 89 , 240. 

“ .For detailed aecoiints of these products, see Divers, Trans. Ghent. Soc., 1900, 77 , 440, 
432 ; 1901, 79 , 1093 : Divers and Ogava, ibuL, 1901, 79 , 1102 ; Ephraim and Piotrowski, 
Ber., 1911, 44 , 379 ; also Schumann, Zeitsch. anorg. Chem., 1900, 23 , 43. 
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Ammonia combines veitii siilpliur trioxide to form at least six 
different eompoimns : ^ 

MI3.2SO3 or IiX(S03lI).2. Imidosulphonie acid. 

Xli^.SO., or HoX'.SOoH, Amidosiilplionic acid. 

1X11.3.0803 or X(SOo.fXIl4)3, Ammonium nitrilosulpiionate. 

;3XIl3.2S03 or iIX( SO 3X11,1)0, Diammoniiim imidosulphonate (para- 
sulphat-ammon). 

-IXII3.2SO3 or (XH.i )X^(S03.XII 1)0, X'ormal ammonium imidosul- 
])]\onatc (sul ])liat-ammon ) . 

2XH3.SO3 or HoX^.SOo.XAli, Ammonium amidosulplionate. 

Tliesc six com|)ounds can all be derived tne one from tlie other, with 
the exception of tlie nitrilosUi])honatc, wliieh cann.ot be re-formed from 
the others altiiougli it is itself the most coin'cnient source ot them. 
Xitrilosuiplionic acid would, if it existed in the free state, be tlie seventh 
of these compounds, heading the column as XAlo-llSOy or X^(S03H)3. 

Amidosulphonic Acid, NI-I0.SO3H, maybe obtained by the action 
of sulphur trioxide on dry ammonia.- When an aqueous solution of 
hydroxylamine hydrochloride is saturated with sulphur dioxide and after- 
wards evaporated, amidosulphonic acid is obtained.^ Potassium imiclo- 
sulphoiiate, X'I-I(S03K)2, and potassium nitrilosulpiionate, X'(S03K)3, 
are both decomposed by hot water witii formation of potassium amido- 
siilphonate : ^ 

Xn(SO.Jl)..-HoO-XHo.S 03 K-rHO.SO.;K. 

X(S03K)3^2il20--XH2.S03K--2H0.s63K. 

Ainidosuhphonic acid may also be prepared by pcossing sulphur 
dioxide into an aoueous solution of sodium nitrite containing sodium 
carbonate, uiifii tlie solution is acid to litmus ; tlie nitrilosulphoiiafc 
wliicli is formed is liydroiysed by tlic addition of a little eonceiitrated 
sulphuric acid. amidosul]nhonate and acid subihatc being foinncd. 
Tlie solution is neutralised by the addition of sodium carbonate and the 
sodinm sulpliate formed scqiarated by crystallisation ; the addition of a 
large excess of eonccutrabed sulphuric acid to the solution then results 
in the ])reeipitatioii of amidosul])lionie acid. 

Anndosuipiiomc acid is a colourless, odourless, crystalliiie solid. 
s])cciiic grar'ity 2-()o at 12'^ C. It dccom'poses to a large extent during 
melting but has an ap))arcnt melting-point 01 205' C. It is slowly 
soluble in w'oter, requiring live parts of water at 0" C. and half tiiis 
amount at TO' C. to dissolve it. it is stable in air and not deliquescent. 
Altiiougli it IS not precipitated by solutions of barium chloride it retards 
the ])reeij)itati()n of small quantities ofsidplmric acid by barium chloride. 
It forms a comjiound w'itl- oxide or nitrate ol' mercury, which is in- 
soluble ill dilute nitric acid and jjrobably lias the composition 

When arnidosulplionie acid, or anv of its 
salts, is lieated, partial conversion into imidosulphonate and ammonia 
occurs. 

2XH2-S03H-XH(S03lI)2-XH3, 


^ Divei's and Haga, Tracis. Chern. Soc., 1901, 79, 1095 ; 1892, 61, 945. 

- Ro.s(-\ .4/???. PJri/s. Chevt., 1834, 33, 235. 

Ea-ehig, JSS7, 20, 5S4. •’ See also Berglimd, Btr., 1876, 9 , 1S96. 

^ Divers and Haga, Trans. Chem. Sac., 1896, 69 , 1639. 
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and partial convarh.iun inti) s:dpUaO‘ ann TliU:>. in 

the case of the barium salt, the decomposition may be repre'^mited t5y 
the ecpiation : ^ 

3Ea(SO..XIio)o-:i-BaSO,-i-XII;SO-,.XIl.;,-XIm--Xb---A. 

Tile ])otassiiiiu ^alt reacts in tlm cold nilh an euid anunnii of 
hypochlorous acid to ibrni pintc^siuni cJunrumlnhsid [):> i XllCl.SO.Jv. 
which iuay be isolated by evaporatimi to binali bulk ir. .occe and pre- 
cipitation with alcohol." it Is a coniparativciy stah'C. h\'iii‘.;sc(:>pic‘. 
crystaiiine salt, iiydrolysed by mineral acid> to form amm.mium cidoride 
and sulphuric acid. The corresjjondiny bromine coinpouim is similar 
in properties. Barium forms a less stable* ehioro-eonnjouixd. 

Amidosulphonie acid reacts cpiantitatix ely witli tiic alkalis, aiid with 
carbonates and ])orates, and its use as a ])riinary standard in \'oInnu‘trie 
ana]\'sis has been suggested.'" 

Imidosulphonic Acid, XH(SO..H)o, the amide of which has ebiready 
been described (p. 2 {2), may be obtained, as tlic ainmonium salt ]>y 
mixing sulphuric anhydride vapour witli excess of gaseous ammonia 
and fusing the condensed iiocculent product in an atmosplierc of 
ammonia : 

3XIL-r2S03-XH(S03.XH:.o.' 

The potassium salt may be obtained by heating potassium iiitriio- 
sulphonate wdth w'ater : 

X(S 03 K) 3 AH 20 =XH(S 0 ;Jv)o-KI-IS 0 j.'^ 

The lead salt, on decomposition with hydrogen sulpiiidc, yields tlie free 
acid. 

The salts of this acid may either be neutral, of tiie type X’rll^SOoH ')o, 
or "basic,' ' corresponding to XRfSOoR ; 2 - The l.)asic salts are more soluble 
in water than the neutral salts. 

Imidosulphonic acid is decom{)osed by dilute hydrocliloric acid, 
forming ainidosuiphonic acid and sulphuric aciil. 

Xiitriiosulphonic Acid, XlSO^IT) ., has long r}cen knovrn in the 
form of its potassium salt, wliicli is precipitated in erystalline condition 
when a mixture of potassium nitrite and potassium sulphite (1 mol. : 3 
mois.) is allotved to stand : 

KX02-r:3KoS03-f2lIoO-=X(S03K)3— 

The nitrilcsul])honates can only be prepared by the sulphonation of 
hydroximidosulphonates. which process resolves itself into treating the 
corresponding nitrite in this wavy since the hydroximidosulplionatc lias 
itself to be prepared by a similar sulphonation of the nifrite." 

Hydroxylamine-monosuiphonic Acid, NH(OK).S 03 H. — This 

^ Divers and Ha^a, Trans. Cltrni. Sac., iSito. 69 , 1634. For tiie r)!iy>iulo;_ 6 eal action 01 
amidosulphonie aeid, see Loew, ibid., p. 1662 ; Chctn. Srirs, iS 66 , 74 . 277. 

- Traube and von Drathen, Bi/., liJlS, 51 , 111. 

^ ivlisutsch, Phann. J. {Russia), 192S, p. 3lU ; Chtm. Zudr., 192S, 11 ., 112‘J. 

‘ Rose, An)i. Pliijs. CJiUti., 1834, 33 , 235 ; Jaequelain, Da/o CJdtn. P/n/s., Is43, (3), 
8 , 293 ; tVoronin, JaJircsher., 1859, 3 , 273. 

^ Claus and Koch, Aunaltn, 1S69, 152 , 335, 351. 

Claus, /d., p. 336; 1871, 158 , 52, 194; Fremy, Ann. Chim. P'hys., 1845, [3], 15 , 
4U8 ; Berglund, Ber., 1876, 9 , 252. 

" Divers and Haga, I'ratis. Clitni. iSoc., iUOl, 79 , lU93. 
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coiiipouiicl lias bccu very completely studied by liascliig. ^ The sodiun 
salt is ibrnied according to the following reactions : 

(1 ) XaX 0 „-rXaHS 03 -rS 0 .,=li 0 .X(S 0 , 5 Xa),, 

(2 ) IiO.X(S03Xa).>-rIioO = HO.XH.SO.Xa -X'allSO,,. 

The free acid is very stable. Hot alkalis dc(^oni])ose it according to th 
equations : 

(1) 8XIi(0H)(S03K)-h3K0TI=X',,-rXH3~«K.,S04-3Tl,,0, 
or 

(t>) 4N1I(OH)(S03K)t-J^KOH-XoO~2XH3-S-4K2SO,~-3IIoO.- 

Nitrososulphonic Acid or Nitrosoliydroxylamine-sulphoni 
Acid, N(N 0 )( 0 H)S 03 H or HOoN.SO.H.— The sodium salt of thi 
acid has been prepared by the action of nitric oxide on a caustic sod 
solution ot sodium, sulphite : 

Xa 2 S 03 n- 2 XO-Xa 2 SXo 05 . 

The alkali nitrososulphonates arc decoiiiposcd by acids witli tormatio 
of nitrous oxide and the corresponding sulphate. With barium ehlorici 
tlie nitrososulphonates yield a Avhite ])reei])itate which is soluble i 
hydrochloric acid.'^ 

Hydroxylamiiie-disuiphonic Acid, N( 0 H)(S 03 H) 2 . — The alka 
liydroxylamine-disulphonatcs may be prepared ].)}" the addition of th 
alkali hydrogen sulphite in concentrated aqueous solution to the alka 
nitrite. They are also formed wlien excess of sulphur dioxide is passe 
through a solution containing the alkali nitrite and either the alka 
carbonate or hydroxide. The presence of caustic alkali confers stabilit 
on tlie compound, whilst acids deeoinpose it evmn in the cold, hydroxy 
amine monosulphonic acid being formed.'”^ 

Hydroxylamine-isodisiulphomc Acid, NH(S 03 H) 0 .S 03 H, ma 
be prepared from the corresponding trisulphonatc by liycirolysis with 
weak acid. In the presence of hydrogen chloride the S 03 H-grou 
attached to the nitrogen atom nuiy ])e eliminated, wliercby hydroxy 
maineAsoiRoaosulpJionic acid, Xi-i 2 . 0 .S() 3 lI, is produced.*’ 

Hydroxyiamine-trisulphonic Acid." — The ])otassiiim salt of th 
acid is formed by the interaction of potassium hydrogen sulphite an 
potassium nitrosodisulphonatc, according to the equation : 

20:X(S03K)2-riI.S03K.:-0Il.X(S03K)2-rKS03.0.X(S()3K.)2. 

^ Kciscliig, Schiijcfel- tunl icu! , i!)24, p. hjr 

- See also Claus, A/o/i. C/teni.. PkariiL. Lieh., 1871, 158 , 87) ; Ua.s(,4ug, ihik.., 1SS7, 24 
166, 205 ; Divers and llaga, Cktni. Xcn;^, 1887, 56 , 21. 

^ Davy, Pleintrd.s of Che//ilcal rhilosojjhij (London, 1.812), 

For the constitution of nitrososulp}ionate.<, etc., sec Dn ers and llaga, Pru/is. Che 
Soc., 1885, 47 , 203 ; 1895, 67 , 1098 ; Llantzscli, Ber., 1905, 38 , 1044, 3071). A compoui] 
potassium “ nitrososulphilc ’ or potas.siuin diniirososulplionate, prepared by l 

action of nitrous oxide on potassium sulphite, was described by I'aschig, SrJacppd- u 
SticksiojJ'Stitdim, 1924, p. 108. 

^ For a detailed account, see Raschig, Schujefcl- und Siicl:dojJ-Sta.dLc;i, 1924, p. 147 ; al 
Divers and Ffaga, Trans. Chon. Boc., 1894, 65 , 523 ; 1900, 77 , 432, 440. 

^ Raschig, loc. cit., p. 132; Ber., 1906, 39 , 245 ; Haga, Trans. Chon. Boc., 1906, i 
240. The preparation of the potassium salt is described b\' .Raschm, sec J . Chon. Sc 
1923, 124 , A, ii., 161. 

' Raschig, Bchiccfcl- und BUcLsUTf-Blu.dloL, 1924, p. 128. 
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Potassium iiydroxylaiiiiiie crisiilpliouato Las the constitution (KSO3F : 
X.O.SOJv.*' 

Dihydroxylamidosulphonic Acid, X(0H)2S03H. — A basic salt ot‘ 
tliis acid haA’ing the composition A\OiI npK -SO Jv has been obtained 
as the first product of the interaction of sulphur dioxide with a conceii- 
iratcd alkaline solution of potassium nitrite.- The salt is alkaline in 
solution and with barium ciiloride yields a wliitc precipitate, soluble in 
acids. Sulnliuric acid liberates nitrous oxide from it. 

.N(0H)(S03e) 

Sulphazinic Acid, Oy . — The potassium salt of this 

AXfOMHSO.H) 

acid is formed when a stream of sulphur dioxide is passed throufjli 
a concentrated solution of potassium nit rite. On standing, the salt 
decomposes to the hydroxylamine disulphonate and nitrite : 

KIIX203(S03K)2=X(0H)(S03K)2-rKX02. 

Potassiaia hydroxyl- 
amine clisulphonate. 

Sulphazotinic Acid, — The potassium salt of this acid 

is obtained as in the ])reccding preparation by the action of sulphur 
dioxide on a solution of ]3otassium nitrite, but in this case the solution 
is boiled.'" The salt consists of colourless, transparent, rhoinboidal 
crystals, soluble in hot Avater, yielding an alkaline solution. Ammonia 
is CA’oh'ed on heating the salt Avith soda-lime ; concentrated acid 
liberates nitric oxide. The salt is decomposed by dilute acids AA'ith 
formation of sulphuric acid. On oxidation Avith lead dioxide or sih'er 
oxide at about 50"" C. a solution of the salt becomes dark blue in colour, 
the potassium salt of dehydrosulphazotinie acid, 1x4X^054011, being 
formed : 

K5X0HS40 1 4 - 0 - KOH - K4X oS .0 ij. 

Dehydrosulphazotinie Acid, H4X1S4O14. — The potassium salt 
deposits from the blue solution mentioned in tlie preceding preparation 
as bright yellow crystals. It is A*ery unstable and is decomposed by 
Avater Avitli formation of a new compound liaAdno' the composition 

K3X2S3O10: 

2K4X:oS jO, 1IoO=2KHSO,— 2K3XXS30io— xxo.^ 

Nitrosuiphonic Acid, Nitrosylsulphuric Acid or Nitroso- 
suiphuric Acid, XOo.SOo.OH.— In 1806, Clement and Desormes, 
during the manufacture of sulphuric acid by the lead chamber process. 
obserA'ed the formation of a crystalline solid, to which tlie names nitro- 
suiphonic acid and nitrosylsulphuric acid Avere later giA-en ; tlie term 
'■ eliamber ciA'-stals.'' hoAvever. is still commonly applied to this acicl.*^’ 
The composition and nature of the acid were iirst investigated by Weber,' 
and by i\Iichaelis and Schumann. 

^ See also Haga, Tro/is. Cheni. Sue., 1901, 85 . 78. 

“ Fremy, H/z«. Cli'un. Phys., 1845, 15 , _3_, 40S. 

“ Rremy, loc. cit. 

Freniy, Joe. cit. 

^ Fremv, loc. cit. : Ciaus, Anii'iltn, ISil, 158 , 8-3: Kasenig, loc. at. 

^ Cienieiit and Desormes, Raa. Chi in. -P/zys., 18(.)6. 59 . 3-9. 

' Weber, J. prakt. Ckei/i.. 1862, 85 , 423 ; .4."/?. PAys. Ch'./a., iSoT, [ii.J, 130 , 277. 

^ llichaelis and Scliumann, Pc/., 1874, 7 , 1075. 
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Fofincdio )}. — When sulphur dioxide is passed into lee-cold riiming 
nitric acid, crvstals of nitrosnlphonic acid scjiaratc.^ ^ The acid is also 
obtained when sulpiniric acid is treated witli excess cl nitrogen peroxide. - 
It is also formed' by the interaciion of sui])]iur duxide and nitrogen 
])croxidc botli in the absence or ])resencc oi‘ \vat(a\- and by the addition 
in equimoleeiiiar proportion of hepdd nitrogen tetroxidc to ehloro- 
siilplionic acid in the absence of moisuircd Sulphuric acid acts on 
either nitrous anhydride or nitrosyl chloride formation of nitro- 

sulphonic acid, according to the equations ; 

HoSOj-rXoO^-XOo.SOo.OIIn-dsO.Oil, 

K^04-r-X6Cl-XOo.S0..01Id-KC].^ 

When nitric oxide is passed into a solution of eujiric sulphate in com 
centrated sulphuric acid the following reaction occurs : 

8X0-rCuS0,-raHW0,-2X0o.S0,.0PI-!-X0{S()3)Xu-:-2H,0.^ 

Projjertic.s . — Although nitrosuljdionic acid ma\' be oirtained in the 
form of quadratic or rhombic prisms, it is more generally o'otained as a 
leafy or feathery cigrstallinc mass which has iio dednite inelting-point 
but begins to decompose at 73'^ C., lorining ilic auiiycrricic (see later), 
nitrogen trioxidc and suipliuric aeivd. Xc salts witli the metals have 
been obtained. The acid is solur)!e in. water witli c\'o.iution of heat and 
decomposition into nitric oxide and suqiliuric acid. The amount of 
nitric oxide formed increases on heating.' if tlic sduiion is kept cold 
the products arc suipliuric* and nitrous acids, the laticr undergoing 
further decomposition in its cliaraet eristic manner, tlie result being 
dependent on conditions. Cold concen train'd sulpiiurie acid dissoWes 
the crystals witiioiit decomposition. Tiic reduction oi' a solution of 
nitrosulplionie acid in suipliuric acici liy suljiliur dioxide yields nitric 
oxide and suipliuric acid, 

2X0 0. SO o. on -r- SO o • 1 1 oO - d I dso ,5 2x0, 

but in the presence oi’ oxygen iliis reaction may be hindered or e\'en 
checked, because the ihLrosuljdioiiic acid is re-fornied by tlic inter- 
action of suipliuric aeici. nicric oxicu* and oxygen. 

Witli ])hos])horus pentacliloridc nitrosul jdionic mcid yields cliioro- 
sulphonic acid and uitrosyl chloride : ^ 

xOo.so,.OH :-PCh:- ci.s()o.on-:-x()C! ^-poci.,. 

Sodium cldoride and sodium bromide react wiih nitrosuijdionic acid 
forming respectively nitros}'! chloride and broiuidc logctlier witli 
sodium hydrogen sulphate.'^ 

^ Weber, Ica' rif. 

- Gaiiluer de (.'jciubry, 0/.'. I'/i;/-'-.- ISXn, 45, ; dialler, //, iSOlf 122, .1 ; 

Gay-Lussac, U/o?. C/nm. /Gy-., ISUJ, [ 11 . i, .*>‘.0 ; Mcj.'-t', /o' . /Gy/.v. 1842, [u.l, 50, 

161 ; Lunge and \Ve.ini.raub, Zf fiif/jar. Cfu m., 181)4, 7, {nl. 

^ Gaultier de Ciaubry, he. cit. 

Jones, Price and W'cbb, J. Che in. Xor., iliJl), p. :;j 2 . 

Winkler, Jakrtsber., 1869, p. 716. 

® Saoatier, Compt. rciid., 123, 255. See also Sestini, G7//7. Snr. c/nb//., 186S, jii.P 

10, 226 ; Lunge, Ren, JS81, 14 , 2196 ; Lunee and Berl, Znheh. ic. (bhon., 106)5, 19, 890, 

' Elliott and others, J. Roc., 1926, n. i21i}; Freiny, (Cm pi. rmjL, 187(4, 70 , 6 L 

^ Michaelis and Schuinana, .Rc/., 1874, 7, 1075. 

^ Girard and Pabst, Ball. Roc. diiui., 1878, [h-J, 30 , 531 ; Tilden, Traa,^:. Chan. Soc.y 
1874, 27 , 630. 
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It is fairly generally believed that nino^iilplionie acid plan's an 
im]:)ortant part in the lead chamber " process for r]ie manufacture uf 
sulphuric acid (see p. looi. The \anour mx-ssures of mixtures of 


sulnhuric acid vdili nitrous or nitric* acid or with ootn these acids. 


within the range oeeurrinit in the ehanibers. increase with the nitrogen 


aeici content and with rise in tem]>eratiire. and the total ];ressure is 


always liigher tlian tlie sum of tlie indixdduai mx-ssures. esueeiallv wlien 


the sul])]iurie acid is concentrated- For nitric ac-id - sulniiiirie acid 


mixtures this may be explained " by the oeeurrciice of the following 
reactions : 

XO,.SO,.OiI-:-lIXO;, li,SO,-XP;. 

and 

2XO..SO..OII-i-I-roO 2iIoS0,~X.,0,. 


CoHb'fiiuiioiL — Tlie formation pi nitrosyl cliloride or bromide In' 
the action of tlie acid on sodium clihnidc or In’omidc is evidence in 
faA’our of the nitrosvlsulpliuric acid structure. OXdO.SOo-Oll. The 

O 

nitrosulphonic acid structure X.SO ,.OII receives weight v support 

O 

from the fact that, in addition to the melhods already given, the acid 
can also be obtained by the oxidising action of pcrmuiiosulphuric aoid 
on hydroxylamine-sulphonic acid. OH.XII.SO^.OIL in wliich acid it is 
certain tliat the nitrogen is directly attached to sulphur.^ The con- 
flicting evidence is possibly due to tlie substance exliibiting tauto- 
merism. in a similar manner to nitrous acid itself, wliieh ap])ears to be 

0 

able to assume tlie structures IIO.X : O and II. X under varvinn 

0 

conditions ; this view of the structure of nitrosulpiionic acid receives 
marked conlirmation in the action of tlie acid on certain organic sub- 
stances, such as dimetliylaniline. wliieh. oi\-e rise concurrently to a 
nitro- and a nitroso-derivative, tiic two forms of tlie acid appearing 
to act simultaneously and more or less inde'pendeiitiy. Tins result 
indicates the proh-ability of an cpuiiipriuni between tlic two types of 
molecules XO^-SOo-OII and OXhO.SO^-Oii.^ 

On the other hand, Elliott and his co- workers ^ maintain that the 
evidence for the nitro- structure is unsatisfactory, and that the p-nitro- 
dimethylaniline produced with dimethylaiiiliue is a secondary product 
obtained either by oxidation of tiie nitroso-compound or by direct 
nitration of the amine. The addition of ethyl liydrogeii suijdiate to a 
solution of iiitrosui])lioiuc acid in sulphuric acid Poe^ not yield iiitro- 
ethane. Elliott suggests that chc crystalline aeul is essentially the 
nitroso- form. OX.O.SOo.OIl. but that in the molten condition and in 
sulphuric acid solution this form is in equilibrium with another of 

structure O.^Sy pXhOlI. This is in accordance with the behaviour 


^ Saiifourclie and Rondicr, CuinjA. rt/uL, 11)28, 187 , 2‘.,tl ; JJu.lL ~^oc. clum., 192S, [:v.J, 
43 , 815. 

- Rarichig, Ztitsch. niojrir. Chciin., iijUo, 18 , lou2. 

^ Biehringer and Borsum, Bcr., lOllg 49 , 1402. iSec ako Sclilcrringer and Salathc, 
J. .!///<■;. Chtf'i. l'J2o, 45 - 181)3. 

Elliott and others, J. Cht/ii. Soc., 192G, 1219. 
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of the acid on reduction and on iieating, and also witi] the synthesis of 
the anhydride from sulphur dioxide and nitrogen pentoxide, thus : 

-!-so.=o,,s< \x_o-x<( >so.,. 

Nitrosnlphonyi (Nitrosyisulphuryl) Chloride, NOo.SO^CL— The 
acid chloride structurally derived from nitrosulphonic acid can be 
obtained by the interaction of thionyl chloride (or less simply chloro- 
sulphonie acid) and silver nitrate : 

S0Cl,+AgX03-AgCl-|-X0,.S0XL 

It may also be obtained by the action of nitrosyi chloride on sulphuric 
anhydride. It is a white, leafy, crystalline mass, somewhat resembling 
stearic acid in appearance. It is decomposed by moist air with formation 
of sulphuric, hydrocliloric and nitric acids. ^ 

Nitrosulphonic Anhydride, S.^O-{NOo) 2 ’ — Nitrosulphonic anhy- 
dride, or nitrous-pyrosulphuric anhydride (the choice of name depending 
on the view entertained as to the structure of the NOo-group), is formed 
during the decomposition of nitrosulphonic acid by heat (p. 2 IS),- but 
it may more conveniently be obtained by the action of dry nitric oxide 
on sulphur trioxide : ^ 

2NO-}-3S03-XOo.S02.0.S02.NOo-rSOo. 

It is also formed by the action of nitrogen peroxide on liquid sulphur 
dioxide under pressure : 

2X,0,-|-2S0.,=S,05(N0,),-!-X,03. 

With both reactants in the licprid state the reaction proceeds according 
to the equation ; 

l'5X20.,i-r2SO,-S,05(X02)o-i-XO. 

The pressure increases slowly at first but after a time a considerable 
increase suddenly occurs. The anhydride is also formed when the two 
gases react, only very slowly at ordinary tem])eraturcs, but more 
rapidly at higher temperatures. The reaction is never complete but 
goes somewhat further in the presence of platinised asbestos.^ The 
anhydride may also be prepared by the action of iicpiid nitrogen tetroxide 
on p\Tosul])huric acid or pyrosuiphuryl chloride. 

Nitrosulphonic anliydridc is a white, crystalline solid, of density 
2-14. On heating it undergoes partial decomposition ; it begins to 
melt at 217" C. to a yellow liquid and distils at about 360^ C. The 
heat of formation, calculated from the lieat of dissolution in potassium 
hydroxide, is 112 Calories : 


^ Thorpe, Tran^. CUeni.. Soc., 1SS2, 41 , 297. 

- Michaelis and Schumann, Ber.^ 1874, 7 , 1075. 

Rose, Ami. Cheni., 1839, [li-!, 47 , 005 ; .Briining, Anrialen^ 1856, 98 , 377. 

^ Prevostaye, Ann. Chirn. PJii/s., 3 840, 73 , 362. vSee also hlorren, ibid., 1865, [iv.], 4 , 
293 ; Weber, Ann. Phijs. Chem., 1871, [ii.], 142 , 602 ; 1864, I'li.], 123 , 337. 

^ Briner, Lunge and van der Wijk, H(dv. Chirn. Acfa, 1928, ii, 1125. 

Briner and others, Inc. cif. See also Mancliot and Schmid, Ber., 1929, 62 , hB' , 1261. 

' Jones, Price and Webb, J. Cheni.. Sue., 1929, p. 312 ; Briner and oihers, loo. cd. 
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2SO.2 liq^. — I'oXoO,. iiq.=SoX'o09 solid~XO gas — ii2 Calories. 

As would be expected irom a substance oi tliis nature, veater causes 
rapid decomposition into sulphuric acid and the decomposition products 
of nitrous acid, whilst sulpliuric acid dissolves the substance witli 
i’ormation of nitrosulphonic acid, which crystallises on cooling. Witii 
sulphur trioxidc the anhydride yields a stable complex of composition 
2 (SoXo 09).S03.^ Gaseous ammonia causes the anhydride to melt and 
decompose slowh' witli formation of nitrogen and ammonium hydrogen 
sulphate : 

(XO o ) oS 0O5 -r 4XII3 - 2XH ,nSO , - H .0 - 2X o. 

The modes of preparation, particularly from pyrosubdiuric acid and 
])yrosulphur}'l cliioride, and the general properties of nitrosulp'honie 
anhydride, suggest the structure “ O.X^O.SOo-O.SO.^.O.X^O. 

NTtrosuiphuric Acid, XhO-.-l SO3.3H0O, may be o'otained by the 
prolonged action of the vapour of sulidiur rrioxide on concentrated 
nitric acid. It forms brilliant white crystals which on heating yield 
brown vapours and a subiimatc of nitrosulphonic acid. It is soluble in 
water, ^delding a mixture of nitric and suhphui'ie acids. ^ 

Aec'ording to Somiyci,*^ the gradual addition of fuming ^iiihphurie acid 
to an aqueous inixture of sulphuric and nitric acids results in two 
successive temperature maxima being reached, tlie second being the 
less well-dehned. The first corresponds with the formation of sulphuric 
acid from the free sulpluir trioxide and the compound SO3.HXO3 or 
OH.SOo.OXO.:,, and the second with eom/ersion of the latter into 

XoO,. ISO3. 

XTtrosodisulphonic Acid, Peroxylaminic Acid, or Sulphazilic 
Acid, N’0(S03H)2. — This is only known in solution : it may be obtained 
by the ])assagc of equal volumes of nitric oxicie and air into a cooled 
saturated solution of sulphur dioxide in siilpliurie acid. It forms an 
intense bluish-violet solution : ^ 

2XO-0~2SO.--HoO = 2lXO(SO.TI )j. 

2[X0iS03K)J=X0 -rXOlSO.IDo. 

It is also formed by passing sulphur dioxide into a solution of sodium 
nitrite in sulphuric acid : 

2X0o(S03H)-h3S0o+2Ho0=2X0(S03li)2— KoSO,. 

Xitrosodisulphonic acid decomposes spontaneously into sulphuric 
acid, sulphur dioxide and Jiitric oxide. Its solution is ra])idl\' dec'olor- 
isedl on shaking with air or on mixing with hydrogen peroxide, per- 
moiio- or perdu-sulphuric acid, nitric acid, chlorine or potassiuiu cldoratc. 
Most metallic oxides and carbonates decompose the solution, being con- 
verted into sulphates.' 

Sulphonitronic Acid or "Purple Acid." — For a considerable time 

^ Jones, Price and Webb, he. cif. 

“ Jones, Price and Webb, loc. ciL 

^ Weber, A/m. Chem., iSTl, [ii.], 142 , 602. 

bomiya, Chtm. P^i28, 137 , 1-4. 

^ Sabatier, Conipt. read., 1S96, 122 , 1479-1337. 

Sabatier, loc. cit. 

' See also Haga, Trans. Chtm. »Soc., 1904, 85 , 78, S4 ; Tivers, Toid.^ p, lOS ; Hautzscb, 
Bli 1903, 38 , 3079 ; l-lasciiig, Ztilsch. anorg. Chcin., 10i>3, iS, 1304. 
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SULPHUR, SELENIUM, AXE TELLURIUM. 

the existence of an uns tabic compound wlncli yields a purple solution 
in sulphuric acid lias been known. Gt various names which haAm been 
suggested for this conipound, the designation ‘Uuiphonitronic acid” ^ 
]iossesses tlic advantage of indicatiug tlic nature ol: tlie ehici constitu- 
ent elements witliour ('ommitting itself to anydeiinitc conception of the 
structure or constitution. Tlie acid lias been regarcieci as a derivative 
of quadrivalent nitrogen, viz. “ nri rosisulpiionie acid," O : lN(Oli).SOo. 
OIL- or peroxylaininic acid, XO(SO^.()ii )U (see p. 251 ). Uniortunately 
the question of the actual constitution is still undecided, and even tlie 
composition is uncertain. .Iccording to more recent in\'cstigations it 
appears jirobable that tiie ''acid ” is either an oxide of nitrogend inter- 
mediate between NO and or a compound of su]]duiric acid with 

such an oxide. ^ On account of this uncertainty the compound is fre- 
quentlv referred to merely as '* purjde acid " (also “ blue acid ” and 
'' violet acid ”). It has possibly acquired undue imjiortaMce on account 
of its occiiiTcncc as an intermediate product in the '"lead chamber” 
jiroccss for the manufacture of sulphuric acid. 

FormatUnL — The coloured solution in sul})huric acid is obtainable 
b}^ passing nitrogen dioxide witli air into a saturated solution of sulphur 
dioxide in diluted sulpliiiric acid (1 : 1 by volume) at 0^ C. It can also 
be formed by the addition of sodium liydrogcn sulphite to a solution of 
nitrosulphonic (nitrosylsulpluiric) acid, jiroducecl by dissolving sodium 
nitrite in slightly diluted sulphuric acid. These methods depend on 
the reduction of the nitrosul])honic acici hy sulpliurous acid or sulphur 
dioxide : ^ the reduction can also be effected by metals, e.g. mercury. 

Pro'periks . — The blue solution is imstaldc and decomposes slowly, 
with formation of suljduirie acid, sul]diur dioxide and nitrogen dioxide. 
When shaken with air or submitted to oxidation by chlorine, nitric 
acid or hydrogen peroxide, conversion into nitrosulplionic acid is effected, 
brown fumes being liberated. Dilution with water also destroys tlie 
coloured substance. If strongly cooled, tlic solution changes to an 
intense red, so that if a solution is too weak to possess a marked colour 
at the ordinary temperature, the presence of tlie puiq)le acid ” can 
easily be detected by cooling in a mixture of acetone and solid carbon 
dioxide. 

Certain of the salts in solution have a stronger colour tliaii the 
acid, and in some cases are more stable : thus, a deep lilue solution of 
the copper salt may be obtained by tlie reduction of nitrosulphonic 
acid (in sulphuric acid) by mcicury in the prcseiicc of copper. .V 
suggestion has been made ‘ that the colour in the " brown ring ” test for 
a nitrate is due to tlie formation of the i’errous salt of " purple acid,” 
but tills is impro liable.^ 

Sulphates of Hydroxylamine. — The normal mdphatc of hydroxyl- 
amine. (Nil oOli ) o.H 2 SO,j., is formed Ivy evaporation of liydroxviaminc 

Lunge and .Beri, Ztii-^ck. anijtiv. Chi. in., iDUd, 19 , SCT, 8.37, 881 ; I'CUT, 20 , 1713, 2074. 

R ascliig, 1905, 18 , 1303 ; J. Sue. Chtni. hid., U)ii, 30 , 16G. 

^ Sabatier, Ball. Sue. ctLiin., 1897, [iii.'J, 17 , 782. 

Manebot, Koiiig and LeimLinger, Ber.. 192G, 59 , UL 2672. 

" -Manchot, Zelt-sch. (oimw. Cheni., 1910, 23 , 2113 d 1911, 24 , 13: 1912, 25 , 1055. 
See also Livers, J, Sac. Clom. Ind., 1911, 30 , 594 ; Trans. Ciitm. Sue., 1904, 85 , 108; 
A\ entzki, Zedseh. aagtic. Cditm., 1911, 24 , 392, 14GS. 

Trautz, Zedseh. jjhysib.il. Cheno, 11)03, 47 , 601. 

~ Rascliig, loe. cit. ; also Btr., 1907, 40 , 4580. 

^ 51aueiiot, luc. cit. 
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hydrochloride with the calculated anioiiiit oi siilphiirie acid. It Ibrins 
laryc nioaocliiiic i^risnis. nieltinF lT(h r. "With tiie sohdiates di' iron, 
ahimininni and chrcjn'iinin. alums are (h)ta:iied. ^^•hi■e with inadnesiuiu 
su]])haLe a double salt is obtained ol* ihe tvoe dlaSO^.'XH yOHdoSOj. 
011,0.1 

The acid s-ulphaie of liydroxylaniiiie, XK, 0 ILII,S 04 . is obtained 
as lon^ deliquescent ])iis]ns wjicn liydroxylanuMc iivOrochloride which 
has Imen treated with the ([uantity ot sulphurie acid necessary to 1‘orni 
the acid salt is iicated for some time to expel all the li vdroyeii eliloride. 

Hydroxylamine Dithionate, {XH,0H),.rT,S,0.., is oiuained bv 
the aerion gl‘ hydroxylamine siihdiate on barium dithionate. At 120' C. 
it is (‘(iur'crted into hydrcxylainiiie siilpliate and sulphur dioxide. It is 
isomeric witli ammonimn ])erdisulphate.- Hydroxylamine amidosiil- 
jdionate. XII,OIT.XII,.SO.Tl. is isomeric with ainnionium oxyamidosiil- 
jdionate, XI1(CK)S0 XII.,, and with hydrazine sulphate, X ,11 ,.II,S 04 .'' 

Sulphur Compounds of Hydrazine. 

Sulpluir readily dissolves botli in hydrazine and liydrazine hydrate 
with ewoliition of nitrogen : 


X 0 II.-- 2 S-X 0 - 2 H 0 S. 


An unstable hydrazine hydrosulphide remains in solution. 

Witli hA'drogen sulphide hydrazine ferins an addition product of 
u nd et er mined com posit ion. 

Sulpluir dioxide, when slouiy passed into a cooled alcoholic solution 
of liydrazine, yields the hydrazine salt of hydrazine disulphinic 
acid, Xon 2 (S(),.X^ 2 i'-o) 2 '^ Alien tire gas is passed into an aqueous 
solution of liydrazine hydrate, hx^drazine pjvrcsulphite, (X’ 2 ir.d 2 - 
ll 2 S, 0 -. is formed, wiiicli, on neutralisation with liydrazine hydrate, 
yields hydrazine sulphite, (X.Jl dlo.Ih.SG 
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^ Preibiscli, J. piali. Ch‘ 

Sor.. isce, 69, ]l)G5. 

“ Sabant'f'tt. Zr/f'^cn. ritir>ro. CJi< m., iSbS, 17, r-i;.. 

Sabcneeir, loc. ci' . For the action Miloiiites and liydro-wi ^ulpiiiLes on iiydroxvl- 
amine. >ee Ka^ehiLi, Schirffd- ni'd , 1024. a. 220. 

• Ephraim and Piotrowski, Be-'., .1911, 44, 8S6. 
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When hydrazine sulphate is treated with barium carbonate in hot 
solution, dihydrazine sulphate forms according to the equation : 

2XJI,HUSO.id-EaCO,,=(N2ll4)2-H2SO^-f-BaSO^+Il20H-COo. 

and can be separated as the monohydrate by crystallisation at 0° C. 
Dihydrazine sulphate forms double salts with the sulphates of certain 
metals and also forms compounds analogous to the alums : ^ 

(NoH5)Al(SO.i)o.l2ll20, Hydrazine alum. 

(XJl5)Cr (SO 4)0. 121120. Hydrazine chromium alum. 

Hydrazine Dithionate, N'2^4‘^2^-20 g^ a polymer of amidosul- 
phonic acid, may be prepared by the interaction of hydrazine sulphate 
and barium dithionate. It is obtained as large crystals. On evapora- 
tion over sulphuric acid it decom]30ses with se])aration of sulpliurie 
anhydride and is converted into a mixture of hydrazine sulphate and 
secondary hydrazine dithionate, 

Hydrazine Amidosulphonate, NH2.S03.X’2^'^r)^ may be obtained 
by adding barium amidosulphonatc to a neutral solution of hydrazine 
sulphate. It is a crystalline solid, slightly soluble in water. 


SULPHUll AXD CaRBOX. 

When a mixture of carbon and sulphur is heated, chemical combina- 
tion occurs. Sulphur is absorbed by the carbon, and according to 
Wibaut ^ a product whicli is probably a complex of carbon with a 
sulphide of carbon is first formed, carbon disulphide being gradually 
evolved as the tenqocraturc rises (see p. 256). The solid complex is 
practically non-volatile at 1000' C. and prolonged boiling with toluene 
fails to extract any sulphur. The quantity of sulphur retained seems 
to depend on the nature of the carbon and on the extent of its surface ; 
the crystalline forms, diamond and graphite, do not fix any sulphur 
under these conditions. These results are anaiogous to those obtained 
with carbon and oxygen.’' The individual sulphur atoms alosorbed by 
the amorphous carbon appear to be held with varying tenacity, as evi- 
denced by the gradual loss when tlie substance is heated at rising tem- 
peratures in \meuum or liydrogen. Part at least of the sulphur appears 
to be in actual chemical combination with the carbon.^' 

In addition to the vrell-knowji disulphide several other sulphides of 
carbon have been described.' although probably they are not in every 
case separate chemical entities. The existence of the compound C4S, 
for example, is doubtful.® A sulphide of composition C5S2 results, 

^ For an account of the sulpliates of hydrazine, see Sommer and AVcise, Zcitsch. ernorg. 
Chf)n., Idle, 94, 51. 

- Sabaneeff, Zcitscli. anorcj. ClLtni., 1899, 20, 21. 

Sabaneeif, Joe. cif. 

^ AVibaut, Proc. K. A!:ad. WUtiLsch. A inAeidctn, 1921, 24, 92 ; with van der Kam, ibid., 
1929, 32, 501 ; Rec. Trciv. cJdm., 1922, 41, 153. 

•'' Rhead and Wheeler, Trans. Chem. Roc., 1913, 103, 4(51 ; 1912, loi, 846. See also 
this Series, Yol. VII., Part X., and J^owry and Flulett, J. Amer. Chtrn. Foe., 1920, 42, 
140S. 

For the forms in which sulphur exists in coke, see Powell, J. Arner. Cliem. Soc., 1923, 

45, L 

' See, for example, W'ibaut, Ztitsch. angeic. Chem., 1927, 40, 1136. 

® See Low, Jahresber., 1867, p. 157 ; Berzelius, Aivri. Rhys. Chern., 1826, 6, 444. 
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according- to RaabU from the action of sodium on carbon disulphide: 
the dark crust which is formed yields this suljhiide. on treadiiient with 
acids, as a reddishd^rown precipitate, insoluble in carijon disulphide. 

Carbon Subsulphide, CoS^. — This is tlie analogue of the suboxide, 
C 3 O 0 . It is a deep red, tear-exciting liquid, obtained by Lengyl - as 
one of the products when carbon disulphide vapour was submitted to 
the action of an electric arc. Vbith bromine it forms a yellow solid 
of composition C.jS^Biq. Carbon subsulphide has also been prepared^ 
by striking an arc between a carbon cathode and an anode consisting 
of antimony containing 7 ])er cent, of caa']>on, placed beneatli the sur- 
face of liquid carbon disulphide. Tlie constitutional formula S:C:C:C:S 
is attri])uted to tliis compound. 

A sulphide is described by Low ’ as a brown, odourless, 

amorphous substance, only sparingly soluble in carbon disulphide. It 
is said to be Ibrmed during the tliermal decomposition of the disulphide 
(see p. 2 G 1 ). 

Carbon Monosulphide, GS. — This sulphur analogue of carbon 
monoxide is described as resulting ^ on passing carbon disulphide 
vapour over spongy platinum, pumice stone or red-hot charcoal. It is 
also formed by the action of the silent electric discharge ” on carbon 
disulphide or on a mixture of the latter with either hydrogen or carbon 
monoxide, thus : 

CS.-fHo=CS-rH.>S, 

CS.;ACO=CS-fCOS. 

Thioearbonyl chloride reacts rapidly witli nickel carlDoiiyl at the 
ordinary tcinperatiire according to tlie equation : 

CSCl > -uXi( CO ) , -.rXiCL — L CO -j- (CS ), . 

After the nickel ciiloride has been extracted from the solid product by 
water, a browii substance remains whicli has the empirical formula CS, 
but which, on account of its being a non-volatile solid, must be a 
polymer, (CS)^.. According to Dewar and JonesU carbon monosulphide 
is an endothermic gas which is condensable by liqiiici air and which 
rapidly polymerises to (CS)^, at atmos] 3 lieric temperature. 

Carbon Disulphide and its Derivatives. 

Carbon Disulphide, GS.,, is formed when carbon and sulphur are 
heated together and is consequently produced when coal containing 
iron pyrites is distilled.'^ It was discovered accidentally in this way by 
Lampaclius in 179G and rediscovered in 1 S 02 liy Clement and Desornies. 
Besides occurring in small quantity in crude coal gas, from wliich it is 

^ Raab, Bull. Soc. chim., Is72, 15, 41. 

- Lengyl, Ber., ISOr, 26, 2960. 

" Stock and Prai-torius, IbicL, 1912, 45, 3568. 

Low, Jalireuber., 1886, p. 119 ; 1867, p. 157. 

^ Aretnw.=;ki. (morn. Cho/i.. 1895. 8. 314. 
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usually eliminated, carbon disulphide is also found in crude petroleum 
and in mustard oil. 

Prc-paratioti . — Carbon disulpliide is j^repared by ])assing sulpduir 
vapour over red liot cliarcoal. The ] 3 reparation may be carried out 
on a small scale by heating ])ieces of charcoal in a combustion tube 
placed in a iiirnace sliglitly tilted, a Liebig potash bulb, immersed in 
ice. being attached to the lower end of the tube, and small pieces of 
sulphur introduced into the upper end of tlic tube wdiicli is then closed 
with a cork. Sulphur A'apour ]:>assc.s own’ tlic red-liot charcoal and 
impure carbon disulphide containing sulpluir in solution is gradually 
formed and collects in the cooled receiver. 

The reversible reaction 

C-r2S 

has been studied at 800° to 1100° C. by Koref.^ It lias been suggested ^ 
that the formation of carbon disulphide is preceded b\" that of a solid 



Fig. ]-I. — Maniifactui’e of Carbon Disulphide by the action of vSulpliur 
Vapour on Carbon. 

sulphur-carbon comjdex, just as the oxidation of carbon is believed to 
be preceded by the formation of a complex (see p. 254). 

For the manufacture of carbon disulpliide on the large scale, the 
charcoal is contained in a large vertical cast-iron cylinder, ten to twelve 
feet high and from one to two feet in diameter. This cylinder is sur- 
rcimded by brickwork and heated by a fire beneath. The sulphur is 
introduced througli a hopper connected with a side tube at the base of 
the cylinder. The carbon disulphide vaiiour is led away (‘rom the to].) 
of the cylinder througli a ])if)c, the end of Avhich dips under water, where 
most of the product condenses. Beyond the water condenser is a scries 
of tubes in v/hich eondenscition is completed. Iiydrogen sulphide, one 
of the impurities, escapes condensation and ])asses on. being subse- 
quently al)Sorljed in slaked lime.’ 

^ Koref, Zeitsch. a/i.org. Chem., 1910, 66, 73. 

- Vvibaiit, loc. cit. ; Huff and Holtz, Ind. Eng. Chem., 1927, 19, 1268 ; Proc. Arner. 
Gas Assoc., 1927, p. 1431. 

^ Rheacl and Wheeler, T ran.'^. Chem. 1913, 103, 4G1 ; 1912, loi, S46. 

See iurther, Schulz, Gerunui Patent'^. 407656, 4-38037 (192.3); Stephen?, British 
Pcd£7d, 261900 (1926) ; Siedler, U .S. Patmil, 1615659 (1927). 
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Instead of an iron cylinder furnace, retorts made of refractory 
material are sometimes eni23loyed. The water condensers ma}' be of 
the open tank type, a layer of about six inches of water on top of 
the disulphide affording a thoroughly efficient seal.^ The liquid may 
be ]:)urified from dissolved sulphur by steam distillation. A modern 
method for the final rectification of the carbon disulphide - consists in 
the continuous distillation of the crude liquid in two similar fractionating 
columns fitted with reflux condensers. The first column is maintained 


/y/ Carbon 
y Disulphide 




^Iron Sheath 


-SuJphur 


at a temperature just above 

the melting-point of sulphur Charcoal ^ 

and fed with crude carbon 

disulphide from above, whilst ) 

the second is kept at a tern- f | , 

perature slightly above the Disulpnide 

boiling-point of pure carbon / 

disulphide and fed at the top 
with the purified liquid from 

the first column. Condensa- PyprPyc 

tion of the vapours leaving 

the lower end of the second Sheath 

column yields pure carbon 

disulphide. The waste gases ' cU'Atf 

(hydrogen sulphide, etc.) 
escape from the reflux con- 

densers and are condensed by ^ Coke 

further cooling any carbon Sulphur P \ / y-Sulphur 

disulphide obtained being 

passed back to the first % 

column. The sulphur which ^ 

separates is drawn off as ^ h 

liquid from the still of the Si 

fifst column.* _ 

A thermo-electrical pro- ^ 

cess for the production of £ ~ p= ~i=p\ E 2 

carbon disulphide from its ~ ~ ' 

elements is also largely em- ^ 7 ^ ^ ^ 

ployed, especiallyinAmerica.^ Liquid Sulphur 

The type of furnace generally Pig. 15. — Electric Furnace for the Production of 
employed is shown diagram- Carbon Disulphide, 

matically in fig. 15. The heat 

emanated from the electrodes and Eo melts and ultimately vaporises 
the sulphur, which then passes up through the tower of charcoal. The 
furnace is self-regulating in that if it becomes too hot, the sulphur, 
melting at a more rapid rate than it volatilises, rises up over the 
electrodes, thus reducing or cutting off the current. Two-phase alter- 
nating current is employed, and the efficiency exceeds 4-0 per cent. 

The sulphur may be evaporated and superheated either in the 


Coke 
Sulphur-. \ 

Ml 


mm 


Liquid Sulphur 

-Electric Furnace for the Production of 
Carbon Disulphide. 


^ Caddick, Chemical Age, 192S, 19, 536. 

- See I. G. Farbenind. A.-G., Assees. of P. Siedler and E. Schulte, German Patent, 
439766 (1925), and of Cliem. Fabr. Griesheim-Elektron, British Patent, 260236 (1926). 

^ See also Legeler and Esselmann, British Patent, 254676 (1925). 

See Taylor, Zeitsch. Elektrockem., 1903, 9, 679, 9S2 ; also Allinand and Ellingham, 
Applied Electro-cJie7nisirij (Arnold, 1924), p. 666. See also Buchner, German Patent, 433525 
(1925). ' ■ - ' 
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reaction chamber itself or in an attached chamber before it is brought 
into contact witli the charcoal. 

Carbon disulphide may also be formed by the action of sulphur 
dioxide on carbon.^ When sulphur dioxide is led over red-hot charcoal 
which has previously been freed from hydrogen by heating it in a current 
of chlorine, the following reactions can occur 

2 CO 2 +S., 

CSo, 

2c6, 

COS-^CO-j-SOo, 

2COS, 

2CO~So=^2COS, 

4 CO-S 2 . 

The free sulphur in the issuing gas may be removed by condensation 
and filtration through glass wool. Carbon disulphide vapour may be 
absorbed in ethereal triethylphosphine. The maximum formation of 
the disulphide is at 85W to 900^ C., the sulphur from the sulphur dioxide 
then being distributed as follows : — 

Carbon disulphide . , 35 per cent. 

Carbonyl sulphide . .55 ,, 

Free sulphur . . .10 ,, 

This process is useless as a technical method of making carbon disulphide. 

Crude carbon disulphide has a very offensive odour due to the 
presence of organic sulphur compounds ; sulphur is also contained in 
solution and is left behind on rcdistillation. Organic impurities may 
be eliminated by distilling over fat, which retains them. Contact with 
mercury, fuming nitric acid, corrosive sublimate or solid potassium 
permanganate serves the same purpose. Commercial carbon disulphide 
may be freed from hydrocarbons by shaking for twenty-four hours at 
35^ to 40^ C. with a saturated solution of sodium sulphide. The solu- 
tion of sodium thiocarbonate obtained is treated with the calculated 
amount of copper sulphate solution, the resulting copper thiocarbonate 
being decomposed with steam. The product is dried over phosphorus 
pentoxide. 

When sulphur is heated with acetylene at temperatures up to 650° C. 
and the ]3roducts condensed, a brown oil is obtained which contains 
77 to 83 per cent, of carbon disulphide, with some thiophen and 
thiophten (see p. 262). The optimum temperature for producing the 
latter compounds is 500° C.- 

W hen calcium carbide and sulphur are heated together at 270° C. 
carbon disulphide in about 20 per cent, yield and considerable quantities 
of carbon are produced. At higher temperatures the amount of carbon 
disulphide diminishes, only traces being detected at 500° C. 

Flnjsical Properties . — Pure carbon disulphide is a colourless, mobile, 
highly refractive liquid with a pleasant odour resembling that of 

1 Rassow and Hoffmann, J. pmJd. Chem., 1922, [ii.l, 104, 207. 

- Heel and Robinson, J. Chtni. Soc., 192S, p. 2068 ; Briscoe and Peel, ibid., p. 1741. 
See also Meyer and Sandineyer, Btr., 1883, 16, 2176; Capclle, Bull. Soc. chi/n., 1908, 4, 
150 ; de Coninck, Bull. Acad. roy. Belg., 1908, p. 305. 

^ Biesalski and van Eck, Zeitsch. angew. Ckcm., 1928, 41, 720. 


(i) 2 SO 2 + C = 

(ii) So+C 

(hi) Cbg-fC -V— 
( i V ) S o + 2 CO -2 
(v) S 0 -I- 2 CO 

(vi) CSo-COo^ 

(vii) 2 S 62 -r 4 C 
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chloroform. Its density at 0" C. according to Thorpe is 1-2923 : 
according to Wiillner the density at f C. can be calculated from the 
formula 

=l-29366-0-001506L 

Carbon disulphide vapour appears to be associated to a small extent. 
When the vapour and ether vapour are mixed at constant volume at 
80" C. under atmospheric pressure, the increase of ])ressure observed 
indicates previous association of the carbon disulphide to the extent of 
0-14 per cent., whilst vapour density determinations by Dumas' method 
give results corresponding with 2 per cent, association.^ 

The boiling-point at 760 mm. pressure is 46-25^ C.-^ According to 
Regnault ^ the vapour pressures at different temperatures are as 
follows : — 


Temp., 

"C. 

Vapour Pressure, 
mm. 

Temp., 

"C. 

Vapour Pressure, 
ram. 

Temp., 

"C. 

Vapour Pressure, 
mm. 

— 20 

47-3 

40 

617-53 

100 

33-25-15 

-10 

79-44 

50 

857-07 

no 

4164-06 

0 

127-91 

60 

1164-51 

120 

5148-79 

10 

198-46 

70 

1552-09 

130 

6291-60 

20 : 

298-03 

80 

2032-53 

140 

: 7603-96 

30 1 

434-62 

90 

2619-08 

150 

9095-94 


The constants for van der Waals' equation are ^ « = 0-02166, Z? = 0-003209, 
and the critical temperature and pressure are, respecti\'ely, 277-68" C. 
and 78-14 atmospheres. 

At very low temperatures carbon disulphide solidifies to a crystalline 
mass which melts at —112-97" C.” The crystallisation may be accom- 
panied by the emission of small sparks.® At —185” C. the crystals are 
tetragonal.^ The heat of fusion, deduced from determinations of the 
freezing-points of dilute solutions in certain organic solvents, is 660 
calories. The fusion curve showing the connection between pressure 
and melting-point has been determined. 

The total heat of vaporisation (A) of carbon disulphide at 0” C. 
into ^mpour at U C. is given by the expression 

A = 89-5 + 0-16993^ — 0'0010161f--f0-0000033245^® calories per kilogram, 


^ Thorpe, Trans. Che.tn. Soc., ISSO, 37> 364. 

- Wiillner, Pogg. Annalen, 1S6S, 133, 19. 

- Schulze, Zeiisch. anorg. Ckera., 1921, 118, 223. vSee also V. and C. Meyer, Per., 1879, 

II, 2257. von Unruh, Zeitsch. anorg. Cheai., 1902, 32, 407. 

Regnault, 21 en/. de VAcad.^ 1862, 26, 339. 

Hannay, Proc. Pay. Aoc., 1882, 33, 314. 

‘ Keyes, Townslicnd and Young, J. Math. Phys. jias-?. Ind. Tech., 1922, i, 243 ; 
Holborn and Wien, Zeitsch. physikal. Chem., 1903, 44, 80. Earlier values are — 108-6 ' C. 
(Carrara and Coppadoro, ibid., 1903, 44, 379) and —110' C. ( A roblewski and Olszewski, 
Conpl. rend., 1883, 96, 1142). 

® See Anschutz, Per., 1926, 59, [By 455. 

For the crystal structure of solid carbon disulphide, see de Smedt, NatiiuricetenscJi. 
Tijdschr., 1926,"8, 13. Mitsukuri, Pull. Cheni. Soc. Japan, 1926, i, 30. 

See Tammann, Zeitsch. physikal. Chem.., 1912, 81, 187. 

5Yiiikelmaun, Physik, ISSO, 9, 208, 35S. 
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whilst the latent heat of vaporisation (Z) of liquid at f C. into vapour 
at f C. is given by 

0 - 06530 ^^— 0-0010979Z“+0'0000034245Z^ calories per kilogram. 

The constant, iv, for the molecular elevation of the boiling-point of 
carbon disulphide is 23*7. ^ The specific heat, C, of liquid carbon di- 
sulphide is given by - 

-=0*2352 d-0*000162L 

and for the vapour at SC" to 190'' C. is 0*1590, whilst the ratio ~ at 
99*7^ C. is 1*234.2 

Towards light, carbon disulphide possesses high refractive and dis- 
persive powers, and in these properties is exceeded only by methylene 
iodide, bronionaphthalene and phenyl mustard oil. On this aecount it 
is used for filling hollow glass prisms for the production of spectra.^ 

The following are the refractive indices ^ for lines of different wave- 
lengths of the visible spectrum at 0^ C. and 20'' C. — ■ 


Wave-length. 

Refractive Index 
at 0= C. 

Refractive Index 
at 20° C. 

589*31 auL (D) 

1*64362 

1*62761 

533*85 „ 

1*65508 

1*63877 

480*01 

1*67131 

1*65466 

441*59 

1*68850 

1*67135 

394*41 

1*71989 

1*70180 


Carbon disulphide is an endothermic compound, its heats of formation 
as vapour from rhombic sulphur and amorphous carbon or diamond 
being, respectively, —25,430 calories or —26,000 calories : 

C (amorphous ) -b2S = CS ^(vap. ) —25,430 calories. 

C (diamond )-r2S = CS. 2 (vap.)— 26,000 calories.^ 

Carbon disulphide is an excellent solvent for fats and resins ; it is 
employed technically for the extraction of vegetable fats and oils and 
for removing fats from wool. It dissolves rubber, camphor and other 
organic substances, as well as iodine, sulphur, phosphorus and alumin- 
ium bromide.^ 

The disulphide is slightly soluble in water, the solubility diminishing 
with rising temperature like that of a gas. One hundred cubic centi- 
metres of water dissolve the following quantities of carbon disulphide at 
the temperatures indicated : ^ 


1 BeckniauQ, Zeitsch, physikal. Cheni., 1890, 6, 437. • 

- Regnaulfc, Mern. de I'Acad., 1862, 26, 1, 262. 

^ Stevens, A}m. Physik, 1902, [iv.], 7, 285. 

^ For the refraction and dispersion of gaseous carbon disulphide, see Lowery, Proc. 
Physical Soc., 1926, 38, 470. 

^ Flatow, Aiiii. Physik, 1903, [iv.], 12, 85. 

Thomsen, Zeitsch. physikal. Cheni., 1905, 52, 348. 

‘ See Kaveler and Monroe, J. Anier. Cham. Soc., 1928, 50, 2421. 

^ Chancel and Parinentier, Conipt. rend., 1885, 100, 773. 
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Temp.. ° C. . . 0 10 20 30 

Grams CSo . . 0-204 0-194 0-179 0-155 


49 

0-014. 


Clear aqueous solutions of considerable concentration may, however, be 
obtained, and are produced commercially, ^ by the addition of soap and 
an alcohol ; thus a solution containing 5 per cent, of carbon disulphide, 
2-3 per cent, of soap and 4-2 per cent, of butyl alcohol is stable. Amyl 
alcohol may also be used. 100 c.c. of carbon disulphide dissolve 
0-974 c.c. of water at 22° C.“ 

Carbon disulphide absorbs ultra-violet rays, a maximum absorption 
]3eing reached when A is approximately 3250 The “ chemical 

constant '' is given by Xernst as 3-1. 

Chemical Properties . — Carbon disulphide is not easily decomposed 
by heat and no change is observed when it is passed through a tube at 
400° C. Decomposition may be started by detonation w’ith mercury 
fulminate, but it is not propagated through the vapour.*^ Under the 
influence of sunlight the disulphide may be decomposed into sulphur 
and a lower sulphide of carbon.^ According to Berthclot this decom- 
position is partially due to the oxygen of the air and is not produced by 
diffused light. ^ Dissociation to carbon and sulphur or lower sulphides, 
which is considerable at high temperatures, is promoted by the ]3resence 
of metals or gases with which the sulphur can combine (see p. 255). 
Decomposition also occurs under the influence of the electric arc, 
electric sparks or the silent electric discharge (see p. 255). 

Carbon disulpliide burns in air with a blue flame, producing carbon 
dioxide and sulphur dioxide. Moisture is not necessary for the com- 
bustion.'^ It inflames at a lower temperature than ether. 

When a stream of air or oxygen laden with carbon disulpliide vapour 
is passed through a tube heated to about 200° C., a gentle phosphorescent 
combustion is observed and a reddish-browm deposit, carbon mono- 
sulphide, separates,® sulphur dioxide also being formed. The transition 
from this state to actual rapid combustion is not sharj), so that no 
definite ignition-point can be assigned to such mixtures.^ There is little 
difference between the spectrum of the cool phosphorescent flame and 
that of the normal llame of carbon disulpliide, except in the distribution 
of intensity, but a group of closely spaced bands between 3400 and 
2900 A present in the normal flame are not evident in the low tempera- 
ture flame. The flame of carbon disulphide is strongly actinic. 

Carbon disulphide vapour mixed with hydrogen and directed on 
to heated platinum reacts to form carbon and hydrogen sulphide. 
Carbon disulphide inflames in the cold in contact with fluorine, and 
under varying conditions it reacts with chlorine, bromine and iodine. 


^ Carpmael, British Patent, 301561 (1937). - Herz, Bcr., 1S9S, 31 , 2669. 

Bruhat and Panthenicr, Coh) 2 )t. rend., 1924, 178 , 1536; 179 , 153; Ann. Physique., 
1926, [x.], 5 , 440. 

^ Dixon and Russell, Trans. Cheni. Boc., 1899, 75 , 612. 

Sidor, Com pi. /end., 1872, 74 , 179 ; 1875, 81 , 32. 

Berthelot, ibnl., 1S98, 126 , 1060. 

' Baker, Phil. Trans., ISSS, 179 , 582. 

^ Dixon and Russell, Trans. Chern. Soc., 1899, 75 , 612; Dixon and Hiiniins, Mem. 
Ma /'Chester JAt. Phil. Soc., 1924-25, 69 , 19. 

See White, J. Cheni. Soc., 1927, p. 793. For the phosphorescent fianie of carbon 
disulphide-methane mixtures in air or oxygen, and the intiucnce of other gases, see Dixon 
and Higgins, Lqc. cii. 

Emeleiis, J . Cheni. Soc., 1926, p. 2948. 


Gossa, Per., 1S6S, i, 117. 
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The production of thiophen when acetylene interacts with sulphur 
vapour has already been mentioned (p. 258). That this product is 
not the result of a secondary reaction between acetylene and carbon 
disulphide ibllows from the" fact that thiophen is only produced in 
quantity from these two reactants at a considerably higher temperature 
than that required when sulphur is used. Acetylene saturated with 
carbon disulphide vapour and passed through an electrically heated 
tube containing broken porous pot, yields a condensate wnich at the 
optimum temperature of 700^ C. contains about 10 per cent, by volume 
of thiophen and 10 per cent, of hydrocarbons.^ 

Carbon disulphide readily undergoes oxidation and reduction (see 
p. 264). With alkalis it reacts to form a scries of thio- or sulpho-salts 
(sec ]). 266 et seq.). 

Hypochlorite solution converts carbon disulphide into carbonate and 
sul})hate,“ thus : 

CSo-8KOCl + 6KOH-2K2S04+Iv,C03-!-SKCl+3H.p. 

In the absence of alkali, oxidation, as for instance by permanganate 
solution, bromine water, or nitric or iodic acid, involves the separation of 
sulphur.^ Water and aqueous alkalis hydrolyse carbon disulphide at 
150'’ C., thus : 

CS.3-i-2H.p = COo-h2HoS.4 

Heated with baryta water in an atmosphere of nitrogen, carbon, disul- 
phide yields barium hydrosulphide, which is subsequently converted 
into sulphate by contact with the air (see p. 264) : 

CS 2 + 2 Ba(On)o=BaC 03 -Ba(SH).-HoO. 

In alcohol solution, potassium hydroxide forms the xanthatc (see 

p, 268). 

Carbon disulphide interacts with dry ammonia, but the reaction has 
not yet been fully investigated ; the gas is slowly absorbed and a dark 
brown liquid results, which probably contains ammonium thiocarbonate 
and thiocyanate.*^ An alcohol solution of ammonia readily dissolves 
carbon disulphide,' the foregoing products being formed (see also 
p. 264). s 

Carbon disulphide reacts additively with primary and secondary 
aliphatic amines to form alkyl ammonium salts of alkyldithiocarbamic 
acids. The products obtained with dimcthylamine, dictlpylamine and 
piperidine, also certain derivatives of these products, are manufactured 
on a large scale for use as accelerators in the vulcanisation of rubber. 
\\4th aromatic amines the disulphide reacts with elimination of hydrogen 
sulphide and formation of substituted thio-ureas, e.g. thiocarbanilide. 

^ Briscoe, Peel and Robinson, J. Chtrn. *S'oc., 1928, p. 2857. 

- Rilsema, Chtui. Zoiir., 1904, ii., 1495. 

^ Cloez and Giiinet, Compt. rend., 1858, 46 , 1110. 

Sehlagdenhaulfen, J . Fliarui. Chim., 1856, [iii.], 29 , 401. 

■’’’ Chancel and Parmentier, Com.pt. r(.iid., 1884, 99 , 892. 

^ Zeise, Sclureigger's J ., 1822, 36 , 1 ; 1824, 41 , 98, 170 ; 1825, 43 , 160 ; BerzeUus and 
- Marcet, ibid., ISIS, 9 , 284 ; Gilbert's Ann.alen, 1814, 48 , 157. 

' Zeise, loc. cit. 

® For the effect of heat on a mixture of carbon disulphide and ammonium carbonate, 
see Inghilleri, Gazzetta, 1909, 39 , i., 634. 
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Carbon disulphide also combines witli tertiary amines ^ and phos- 
phines, forming crystalline substances, the most important of which is 
a scarlet compound with triethylphosphine, CSo.P(C., 115 ) 3 . to whicli 
the constitution CS — P(CoIl 5)3 is attributed.- This substance is formed 

\y 

s 

immediately the reactants meet, and may be used to detect carbon 
disulphide in coal gas. 

The Betectioii and Estimation of Carbon Disulphide . — Carbon 
disulphide may be detected by means of the red, crystalline compound 
which it forms with triethylphosphine ^ and the white compound with 
phcnylhydrazine.^ Minute quantities can also be detected by pro- 
ducing one of the dithiotrimereuric salts of the type ligX>.‘ 2 HgS, 
which form characteristic crystalline precipitates when dilute aqueous 
solutions of mercuric salts are heated on a water-bath with carbon 
disulphide.'^ 

Determination of the specific gravity of benzene before and after 
extraction of carbon disulphide with alcoholic potash gives a fairly 
accurate estimation of the quantity of carbon disulphide present, the 
error being less than 0*03 per cent. The following table shows experi- 
mental results obtained on shaking benzene containing 0*4- per cent, 
by volume of carbon disulphide for two hours with alcoliolic potash 
(10 per cent.) containing varying concentrations of alcohol. 


i 

Per cent. 
Alcohol by 
\"olume. 

Vol. of Benzene. 

Sp. Gr. of 
Benzene -f 
0-4 per 
cent. CS 2 . 

i 

1 Sp. Gr. 
after 

Treatment. 

Sp. Gr. 
when free 
from CSo. 

! Per cent. 

' CS .2 in Total 
51i.xture. 

Vol. of Alcoholic 
Potash. 

'• 1 

96-1 

2 

0-8861 

0-8844 

0-SS44 

I 0-45 

2 

89-6 

2 

0-8861 

0-8845 1 

0-8844 

1 0-4 

3 

85-6 

2 

0-8861 

0 8845 

0-8844 

! 0-4 

4 

77-5 

2 

0-8861 

0-8845 

0-8S44 

^ 0-4 1 

5 

69-6 

i 1 

0-8861 

i 0 8846 ! 

0-S844 

i 0-4 ! 

6 

49-8 

2 

0-8862 

' 0-SS4S i 

0-SS44 

i 0-35 1 

7 

35-8 

i I 

j 

0-8862 

i 0 8852 

1 : 

1 

0-SS44 

: 0-25 1 

1 i 


Oxidation of the alkaline extract with bromine and subsequent estima- 
tion of the resulting sulphate also yields trustworthy results.^ 

Estimation of carbon disulphide by solution in alcoholic potash, 
with formation of the xanthatc, followed by titration with standard 
copper sulphate, iodine, or permanganate solution which oxidises the 
xanthate to sulphate, according to S];)ielmann and Jones'^ yields less 
trustworthy results." 

^ Blenilard, Cornpt. rend., 1S7S, 87 , 1040. 

- Hofmann, Anjialen- Suppl ., ISGi, i., 26 , o9 ; Ber., 1880, 13 , 1732. 

^ Hofmann, loc. cit. The formarion of this compound may also be made' use of in the 
quantitative determination of the disulphide; .see Henel, ancjeir, Ctitin., 1926,39, 

431. 

^ Fischer, Anualen, 1S77, 190 , 114; Lieberniann and Seyewetz, BVr., 1891, 24 , 788 ; 
Busch, ihld., 1894, 27 , 2507. ^ Denige.s, Bull. Soc. chini , 1915. [iw], 17, 353, 359. 

Spielmann and Jones, J. Soc. Chem. Ind., 1919, 38 , 185 T. 

' fSce, however, Huff, J. A}ner. Cheni. Soc., 1926, 48 , 81 ; Harding and Doran, ibid., 
1907, 29 , 1476 ; Macagno, Gazzeita, 1880, 10 , 485 ; Schmitz-Dumont, Cheni. ZeiL, 1897, 
21 , 487. 
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A further method for the estimation of carbon disulphide depends 
upon the fact that when heated with alcoholic ammonia at 60° C. under 
pressure, the disulphide is converted into a mixture of hydrosulphide 
and thiocyanate, thus : 

.SNH, 

CS 0 - 2 XH 3 — >CS( ^NH,HS+NH,CXS. 

The hydrosulphide may then be titrated with ammoniacal zinc solution ^ 
{cj\ p. 262). 

Carbon disulphide may be estimated gravimetrically by treatment 
with baryta water (see p. 262), Avhereby iDarium sulphide is produced, 
Avhich is then oxidised and weighed as sulphate.- 

Uses and Physiological Properties of Carbon Bisulphide. — Besides its 
employment as a solvent (see p. 260), carbon disulphide is used exten- 
sively *^in the manufacture of viscose silk. Viscose is a solution of the 
sodium salt of the cellulose ester of thiolthioncarbonic acid (p. 268) in 
water or dilute aqueous sodium hydroxide, or it may be described as 
an aqueous solution of the sodium salt of cellulose xanthic acid. For 
its production cellulose is steeped in concentrated sodium hydroxide 
solution and then pressed, the product being called alkali- cellulose and 
the formula C JLioOj.XaOH assigned to it. This is converted into 
viscose by treatment with carbon disulphide, when the colour changes 
to golden vellow : 

/OCeH.O, 

C gH ioO,.XaOII CS o = SC<( +H ^0. 

^SXa 

This product, after keeping for four or five days, is pressed through 
a “ rose perforated with small holes into a coagulating bath containing, 
for example, aqueous sulphuric acid (10 per cent.), when hydrated 
cellulose is precipitated in solid threads, which after purification and 
washing constitute viscose silk. 

Much carbon disulphide is used in the rubber industry, particularly as 
a solvent for sulphur chloride in vulcanisation by the '' cold process or 
'' vapour “ process. It is also employed in the manufacture of numerous 
organic compounds used for the acceleration of vulcanisation, for example 
thiocarbanilide, alkyl xanthates (particularly zinc alkyl xanthates) and 
substituted dithiocarbamates (see p. 262). Many other compounds, such 
as ammonium thiocyanate and certain organic dyes containing sulphur, 
also require the use of carbon disulphide in their preparation. 

The disulphide is used as an insecticide. 

Carbon disulphide has a powerful toxic effect, producing headache, 
sickness, giddiness, a general weakening of the senses and muscular 
forces, and finally death. 

1\ eduction Products of Carbon Bisidphidc. 

Just as by the reducing action of hydrogen on carbon dioxide formic 
acid, formaldehyde, methyl alcohol and methane may be directly or 

^ Goldberg, Zcitscli. angev:. Ckem., 1S99, 12, 75. 

“ Chancel and Pannentier, Conipf. rmd., 1884, 99, S92. Sec also Fisher {Ind. Eng. 
Chern., 1927, 19, 1201) for a method involving oxidation to sulphate by means of 
alcoholic potash and hydrogen peroxide. 
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indirectly obtained, so from the analogous disulphide the follo^ving 
products should result : 


/.S 

HC< . 

\SH 

/'S 

HC/ , 

UI 

HsC.sir, 

H4C. 

Dithioformic Acid. 

Thioformalde- 

Methyl mercaptan. 

Methane, 


hycle. 



Dithioformic Acid has been obtained ^ by the addition of dilute 
hydrochloric acid to an alcohol solution of the potassium salt (see the 
following) cooled in ice. It separates as a white solid and there is 
a slight evolution of hydrogen sulphide during the reaction. The 
precipitate alter filtering is washed with alcohol and ether. It is in- 
soluble in the common solvents. On heating it melts at 55^ to GO'' C. 
with partial decomposition, which proceeds further at higher tempera- 
tures, the products being hydrogen sulphide, carbon disulphide, carbon 
and sulphur. Potassium, clithioformate is obtained by treating chloro- 
form with potassium sulphide in alcohol solution : 

C PICl 3 2 K oS - H.CS .K - 3KCL 

It forms golden-3'eliow crystals which melt to a red liquid at 193'' C., 
undergoing decomposition as in the case of the free acid. Ammoniuvi 
ditJiiqformaie cannot be obtained from chloroform and the sulphide, but 
it is formed on titration of the acid with ammonia. It decomposes on 
keeping, thus : 

2H, CS oXH 4 = 2X11 3 +II oS -f (lies ) ^S. 

The mo no sulphide produced by this decomposition is also formed by 
the interaction of the potassium salt with cyanogen bromide : 

2II. CS ,K- BrCX KCXS - (IICS ) ..S KBr . 

A disulphide, [(HCSloSol.^., is formed as a yellowish-red ])recipitate when 
potassium dithioformatc in alcohol solution is cautiously oxidised by the 
addition of iodine. It decomposes similarly to the acid above 200' C. 
Both sulphides are insoluble in the common solvents. Dithioformates 
of silver, lead, zinc and cobalt have also been described.- 

From molecular weight determinations by cryoscopie methods, tiie 
esters of dithioformic acid appear to have a trimeric constitution, for 
exanijde. (n.CS2lMe).>, and it is suggested " that the molecule of tlie 
acid is similarly constituted and possesses a cyclic structure with 
alternating carbon and sulphur atoms. 

Thioformaldehyde, (HoCS)3, results from the reduction of carbon 
disul])hide by nascent hydrogen.'^ 

Methyl mercaptan cannot be obtained directly from carbon disul- 
phide, but niethaue may be ]3re]3ared by passing the vapour together with 
hydrogen sulphide over heated copper : 

CS2-r2ll2S+SCu-4Cu23+CH4. 


1 Levi, Atti II. Accad. Lined, 1929, [vi.], 9, 170. 
- Levi, ibid., 1923, [v.], 32, i., 569. 

^ Levi, ibid., 1929, pi], 9, 170. 
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T'hio-acids and Salts Derived from Carbon DisuCphide. 

Carbon disulphide, like the dioxide, is the anlnxlride (or, more 
strictly, thioanhydride) of a feeble acid, thiocarbonic acid, 
Moreover, between carbonic and thiocarbonic acids a number of inter- 
mediate acids are capable of existence. They are as follows : 


/OH 

oc< 

\OH 

/Oi-r 

sc< 

\OII 

.SH 

oc< 

\OH 

/SH 

sc< 

\OH 

.SII 

OCd 

\si-i 

/SH 

sc<; . 

^SH 

Carbonic 

Acid. 

Tliioncar- 
' bouic 
Acid. 

Thiolcar- 

bonic 

Acid. 

Thioltliion- 

carbonic 

Acid 

Litliiol- 

carbonic 

Acid. 

Thiocar- 

bonic 

Acid. 


(Xanthic 

Acid). 


Thiocarbonic Acid, H 2 CS 3 . — Carbon disulphide reacts with soluble 
sulphides and the salts produced are the sulphur analogues of the 
carbonates. It was discovered by Ucrzelius that when carbon di- 
sulphide is brought into contact with sodium sulphide solution, the 
former dissolves, producing a solution from which alcohol precipitates 
sodium thioca.rbona.te, Xa^CSg, as a yellowish-brown oil. By the action 
of dilute hydrochloric acid on this salt thiocarbonic acid may be 
obtained as a reddish-yellow oil which possesses a very disagreeable 
odour ^ and is decomj^osed by heat into carbon disulphide and hydrogen 
sulphide, no free sulphur being formed. 

Pure thiocarbonic acid is better obtained - by dropping pure solid 
ammonium thioearbonate into a large excess of concentrated hydro- 
chloric acid, when it separates as a bright red liquid which can be dried 
over phosphorus pentoxidc. The liquid has a density of 1-17 at 17^ C. 
and a surface tension at 12*5" C. of 48*3 dynes cm. ; it freezes to an 
orange-coloured solid at —30*5^ C. The acid decomposes on keeping, 
giving carbon disulphide, in which it dissolves. It dissolves slightly 
in water, acids and many organic solvents, giving yellow solutions which 
gTadually decompose with loss of colour. In acetone the decomposition 
is not accompanied by separation of sulphur even on long standing 
(c/. perthiocarbonic acid, p. 269). 

Calcium and sodium carbonates react with the acid forming the 
corresjDonding thiocarbonates, thus : 

H.CSs-rXaXOo-XaoCS^-fll.p-CO,. 

An investigation of the freezing curve for the system CSo-IIoS has 
demonstrated the existence of two thiohydrates. CS.^.H.>S and CSo.blL^S, 
the former being isomeric with thiocarbonic acid.'^ 

Ammonium thioearbonate, (Xll.JoCSg, may be prepared by digesting 
ammonium pentasulphide with carbon disulphide under a reflux con- 
denser : a white deposit of ammonium monosulphide first forms on 
the condensing surface and is gradually converted into the thioearbonate, 
becoming pale oiange-coloured. On exposure to moist air it turns red. 

The thiocarbonates of the alkali and alkaline earth metals may also 

^ O'Lonoghue and Kahan, Trans. Chem. Soc., 1906, 89, 1812. 

- MiUs and Robinson, J. Chtni. Soc., 1928, p. 2326. 

^ Biltz and Brautigam, Zeiisch. anorg. Chem., 1927, 162, 49. 



COMPOUNDS OF SULPHUR. 


267 


be obtained by the action of carbon disulphide on the corresponding 
hydroxides under certain conditions. On shaking carbon disulphide 
with aqueous sodium hydroxide, a deep red solution is obtained, the 
reaction being facilitated by warming to 80^ C., and especially bv the 
presence of emulsifying agents. The solution contains sodium trithio- 
carbonate sulheient in amount to satisfy the equation : ^ 

3CS , + GNaOII = 2NaXS 3 + XaXO 3 + 3H X. 

Xo dithiocarbonate is formed, nor in freshly prepared solutions are 
polysulphides or thiosulphates present. With oxidising agents such 
as hydrogen peroxide or chlorine, the red solution yields sulphates, 
whilst salts of the heavy metals give coloured preeijutates which are 
unstable when moist, decomposing to carbon disulphide and the metal 
sulphide. 

It was generally supposed that the removal of carbon disulphide from 
crude coal gas when purified by lime was due to its absorption by calcium 
sulphide with the formation of calcium thiocarbonate, but Yeoman - 
suggests that it is the pcrthiocarbonatc, CaCS,^, which is formed. This 
suggestion accounts for the necessity of the presence of some oxygen 
in order that absorption may take place. 

The thiocarbonates of the alkali and alkaline earth metals are soluble 
in water. The alkali thiocarbonates are yellow in colour. In concen- 
trated solution these salts are fairly stable, but in dilute solution they are 
gradually decomposed, forming the carbonate and hydrogen sulphide. 

Under certain conditions thiocarbonates behave like simple sulphides ; 
thus, benzoyl chloride and a thiocarbonate in equimolecular proportions 
yield benzo^d disulphide, which substance is also formed by the inter- 
action of benzoyl chloride and potassium hydrogen sulphide followed by 
oxidation. The complex salts of the thiocarbonates are more stable than 
the simple salts. 

Thiocarbonates, especially the alkali thiocarbonates, are used in 
agriculture to prevent certain diseases, notably phylloxera of the vine. 
It is carbon disulphide which is the active material of these fungicides.^ 

It has been shown ^ that when a solution of potassium thiocarbonate 
is boiled in an atmosphere of nitrogen, the following change takes place : — 

K,CS3=KoS+CS2. 

the suljdiide subsequently undergoing hydrolysis, thus : 

K oS - 211 .,0 - 2KOH d-H .S. 

In the presence of air or oxygen, however, the reaction is as follows : — 

2KoCS3-r2H20-f202=K2S203d-K.>C034-CSo-f-2HoS, 


^ Wccldenburg, litc. Trav. chiuK, 1928, 47 , 496. 

“ Yeoiiian, Trans. Chtrn. Sor., 1921, 119 , 38. 

^ For descriptions of various thiocarbonates, see 0 Donoghue and Kalian, Joe. cit. ; 
Hofmann and Hochtlen, Btr., 1903, 36 , 1146 : Holmberg, J.'jjraJd. Chein., 1906, [inj, 73’ 
239. See also Yeoman {Trans. Chuvi. Boc., 1921, 119 , 38) for details regarding the trithio- 
carbonates and the perthioearbonates of the alkali and alkaline earth metals. For the 
preparation of alkvl and aryl tnthiocarbonates from carbon disulphide, see W ertheim, J . 
Anier. Choni. Boc.] 1926, 48 , 826. For data regarding the absorption spectra, etc., of 
thiocarbomc and pcrthiocarbonic acids, see von \ alban, Mackert and Ott, Zeitsch. Elek- 
troclitni., 1923, 29 , 445. 

Tarugi and Magri, Gazzeita, 1909, 39 , i., 405. 
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and in an atmosphere of carbon dioxide : 

■ KXSs+CO^-L-H.O^KoCOs+CSo^HoS. 

It is believed that the reaction 

K2CS3+3HoO=KoC03+3IIoS 

cannot take place. 

When carbon disulphide is heated with sodium alone in a sealed tube 
at 15W C., no reaction other than slight superficial tarnishing of the 
metal occurs ; with a sodium-potassium alloy yellowish-brown explosive 
crusts are formed. AVhen the liquid is shaken with sodium amalgam 
(0-8 per cent. Xa) and the mixture then treated with 90 per cent, alcohol, 
a solution containing a comydex mixture of compounds is obtained,^ 
from which by treatment with methyl chloride the following compounds 
may be isolated : methyl sulphide, two isomeric methyl tetrathio- 
oxalates, methyl methylxanthate, tetramethylthiolethylene and methyl 
trithiocarbonate (b.pt. 224" C. at 760 mm.). Similar yaroducts (except 
the xanthate) may be obtained by allowing carbon disulphide to react 
with sodium in solution in liquid ammonia and treating the resulting 
brown mass with metliyl sulydiate. 

Salts and esters of the intermediate thio-acids are known, being 
y^repared from carbon disulphide or carbon oxysuly:>hide. 

Thiolcarbonic Acid, HS.CO.OH, yields carbon oxysulphide, COS, 
by decomy)osition ; its esters yield alcohols or mcrcayMans when 
sayDonified, according to whether the alkyl grouy:) is attached to oxygen 
or to sulphur ; by this means the constitutions of the thiocarbonic acids 
are established. 

It may be observed that thion- and thiol-carbonic acids are isomeric, 
as well as thiolthion- and dithiol-carbonic acids. 

Xanthic Acid or Xanthogenic Acid is ethylthiolthioncarbonic 
acid. Its 'potassium salt, which is yellow and has a disagreeable smell, 
is yDreyoared by the action of alcoholic y)otash on carbon disuly:»hidc : 

/SK 

C S 2-r C 0II5OII - KOI! =sc/ -^II , 0 . 

\OCJ-I5 

Analogous com])ounds are known containing other organic alkyl 
radicals in ])lace of the ethyl radical. 

Xanthates are used commercially as flotation agents in froth 
flotation ’ ywocesses for the sey^aration of crushed materials, and their 
use as vulcanisation accelerators for rubber has alreadv been mentioned 
(y3. 2G4). . , . ^ 

Xanthic acid is obtained as a colourless oil by the action of dilute 
sulyDhuric acid on the y^otassium salt in the cold. It decomyooses at 
24^ C. into ethyl alcohol and carbon disulyohide. The ethyl ester, wdien 
heated with water, yields carbon dioxide, hydrogen sulphide, ethyl 
alcohol and ethyl mercayMan, whilst with ammonia, ethyl mcrcayDtan 
and xaniliogencimide or ihiour ethane, C 2 H 50 .CS.X^H. 2 , are yoroduced. 
These reactions indicate that the constitution of the acid is 


1 Petkenheuer and others, Ber., 1927, 60 , [B], 2528. 
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ySH ,OH 

SC<^ and not SC<^ 

Perthiocarbonic Acid, HgCS.^. — This acid has not been obtained 
in a perfectly pure condition, but a dark brown liquid consisting largely 
of perthiocarbonic acid is obtained when the ammonium salt is treated 
with 98 per cent, formic acid.^ The liquid is rapidly decomposed by 
acetone (c/. p. 266), the action being accompanied by craclding, the 
colour disappearing and sulphur being deposited : 

HoCS, > CSo+HoS^, 

I-I0S2 — ^HoS+S.- 

When the liquid is distilled under reduced pressure, using a small 
fractionating column, carbon disulphide is first obtained, followed at 
70° C. by hydrogen disulphide, leaving a large residue of sulphur. 

If concentrated hydrochloric acid is used instead of formic acid in 
the foregoing preparation, the resulting red liquid consists of a solution 
of sulphur in trithiocarbonic acid which dissoh'es quietly in acetone to 
give a yellow solution, the dissolved sulphur then gradually precipitating 
out. 

Sodium jperthio carbonate, Xa 2 CS 4 , is formed when an alcoholic 
solution of sodium sulphide is converted into the disulphide by the 
addition of sulphur and subsequently treated with carbon disulphide.- 
Perthiocarbonates may also be formed by the direct combination of 
thiocarbonates with sulphur.^ There is no analog}^ to this latter method 
of preparation in the case of percarbonates ; this fact is usually re- 
garded as illustrating the superior chain-forming power of sulphur atoms 
as compared with oxygen atoms. 

The ammonium salt may be obtained by extracting ammonium 
pentasulphide with carbon disulphide in a Soxhlet apparatus, washing 
first with hot carbon disulphide and then with ether, and centrifuging.'^ 

Carbonyl Sulphide or Carbon Oxysulphide, COS.— Carbonyl 
sulphide, discovered by Than,^ is formed synthetically when a mixture 
of sulphur vapour and carbon monoxide is passed through a hot tube. 
The action is reversible, 

CO-fS ^COS, 


so that the proportion of carbonyl sulphide formed depends upon the 
temperature and rate of passage of the gaseous mixture. Attempts to 
synthesise carbonyl sulphide by means of the electric spark seem to 
give negative results.^ 

Carbonyl sulphide is also formed by the interaction of carbon di- 
sulphide and sulphur trioxide, thus : 

CSo+SSOs^COSd-lSOo. 

When sulphur vapour and air are passed over a red-hot mixture of 

^ Mills and Robinson, J. Chem. Soc., 1928, p. 2326. 

- Yeoman, Trans. Chem. Soc., 1921, 119, oS. 

^ Gelis, Compt. rend., 1875, 81, 282. 

Mills and Robinson, loc. cit. 
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clay and carbon, and also when sulphur dioxide is passed over red-hot 
carbon, carbonyl sulphide is formed : ^ 

4S02J-9C=::6C0--2C0S-rCS2. 

Some thiocarbonates yield carbonyl sulphide on decomposition, 
thus : “ 

/OK 

SC<; -LHCl - cos -4-C oH.OH + KCI . 

\ 0 C 0 H 5 

At 270'' C.. carbonyl chloride and cadmium sulphide interact accord- 
ing to the equation : 

COCl.d-CdS^COS-i-CdClo. 

An important method of preparing carbonyl sulphide consists in the 
decomposition of a thiocyanate with moderately concentrated (14A^) 
sulphuric acid, the liberated thiocyanic acid being hydrolysed thus : 

IICXS+HoO-COSd-XHs. 

The carbonyl sulphide is evolved at 20° C. together with hydrocyanic 
acid, formic acid and carbon disulphide. The gas is purified by passing 
through concentrated aqueous caustic potash to absorb the acid vapours, 
and the carbon disulphide is absorbed in a mixture of triethylphosphine, 
pwidine and nitrobenzene. After drying with sulphuric acid, the gas 
may be further purified by liquefaction or absorption in toluene.^ 

Carbonyl sulphide ma^' also be obtained by the action of hydro- 
chloric acid on commercial ammonium thiocarbamate, according to the 
equation : 

XH4.CO.S.NH2-r2HCl-COS^2XILiCl. 

In this case the gas may be purified by bubbling through 33 per cent, 
caustic soda solution in order to absorb carbon dioxide and hydrogen 
sulphide and dried with calcium chloride and phosphorus pentoxide. 
It is then condensed by means of liquid air, and finally fractionated. 

JPro 2 oerties . — Pure carbonyl sulphide is a colourless, odourless gas, 
which is slowly decomposed by water. When dry it is stable, even in 
sunlight, and if kept over sulphuric acid it undergoes only slight deeom- 
position. Its density at —87° C. is 1'24. It melts at —138-2° C. and 
boils at —50-2° C. under a pressure of 760 mm.^ 

1 volume of water dissolves 0-54 volumes of COS at 20° C. 

1 ,, ,, alcohol ,, S-0 ,, ,, ,, 22° C. 

1 ,, ,, toluene ,, 15-0 ,, ,, ,, 22° C. 

The thermal decomposition of carbonyl sulphide has been investi- 
gated.'' The products of dissociation may be carbon monoxide and 

1 Gautier, Cornpt. rend., 1888, 107, 911 ; Berthelot, ibid,, 1883, 96, 298. 

- Salomon, J. /ra/rf. Chern., 1872, 5, 476. 

3 Klason, ibid, 1887, [2], 36, 64; Hofmann, Annalen Swjrpl., 1861-62, i, 26, 59; 
Hempel, Zeitsch. angew. CJmn., 1901, 14, 865. 

Stock and Kuss, Btr., 1919, 50, 159. 

Stock and Seelig, ibid., 1919, 52, [B], GSl ; Stock, Sieeke and Poliland, ibid., 1924, 57, 
[B], 719. ... 0/ 
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sulphur on the one hand, or carbon dioxide and carbon disulphide on 
the other : 

(1) COS:^CO-!-S, 

(2) 2COS CO,-i-CSo. 

At 800° C. reaction (2) appears to proceed slowly in either direction, 
while (1) is very rapid. The fact that the degree of dissociation in (1) 
is .independent of the amounts of carbon dioxide and carbon disulphide 
present, siiows that carbon monoxide and sulphur are primary products 
of the decomposition of carbonyl sulphide and are not formed seeondarilv 
from the carbon dioxide and carbon disulphide. At temperatures 
below 400° C. decomposition according to equation (1) is not evident, 
while at 900° C. it reaches a maximum (64 per cent.); reaction (2) 
reaches a maximum at about 600° C., at which point 43 per cent, of the 
carbonyl sulphide is decomposed in this way and 16 per cent, according 
to reaction (I). The carbon monoxide equilibrium depends upon the 
pressure, whilst the carbon dioxide equilibrium does not. Nearly all the 
reactions involved in the thermal decomposition of carbonyl sulphide 
depend greatly on catalytic influences. Quartz is a pronounced catalyst 
for reaction (2), but has little influence on reaction (1). Carbonyl 
sulphide is comiDarativcly rapidly decomposed in quartz vessels, but is 
stable when kept in glass apparatus. The viscosity of gaseous carbonyl 
sulphide is as follows : ^ 

17 15 = 1-200 X 10~^ e.G.S. units, 

and 

77ioo=-1-554x 10-'‘ C.G.S. units : 

by extrapolation from Sutherland’s formula, rj q — I'lSo Xl0~^ C.G.S. 
units. The mean area (A) which the molecule presents in mutual 
collision is 1-06 Xl0~^''" cm.-. 

The physiological effects of carbonyl sulphide are very similar to 
those of nitrous oxide. 

When the pure gas is passed through a saturated solution of barium 
hydroxide or copper sulphate, no opalescence or precipitate is produced 
for at least half a minute ; if any carbon dioxide is present, however, 
the solution becomes milky at once. According to IVeeldenburg - there 
is no reaction between carbonyl sulphide and copper sulphate in neutral 
or acid solution, nor is there any reaction Avith iodine or ethereal tri- 
ethylphosphine (q/‘. CSo, p- 263). 

Carbonyl sulphide burns with a blue flame, forming carbon dioxide 
and sulphur dioxide. 'With air it forms a mixture which is slightly 
explosive except when quite dry.-^ The explosiA^e limits he between 
1U9 and 28-5 per cent, of carbonyl sulphide. A white-hot platinum 
Avire completely decomposes the sulphide into carbon monoxide and 
sulphur. 

Water sloA\dy decomposes carbonyl sulphide, forming carbon dioxrde 
and hydrogen sulphide : 

COS-IIoO^COo+HoS. 


^ Smith, Phil. Mag., 1922, [vi.], 44 , 289. 

- Wceldenbui'fr, Pec. Trav. chiiti., 1928, 47 , 496. 

2 E. J. Russell, Trems. CJwni. Soc., 1900, 77 , 361. 
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According to Buchbock ^ the reaction proceeds in two stages, thiol- 
carbonic acid being an intermediate product : 

/SH 

COS-^HoO ^ cod ^ CO^d-HgS. 

^oir 

Aqueous solutions of the caustic alkalis act only slowly with the 
oxysulphide to form thiol carbonates, which, however, soon decompose 
into carbonate and hvdrosulphide : 

xSK 

COSd-2KOH=CO<; +HoO ; 

\OK 

/SK /OK 

CO< AKOH-COd +KSII. 

\OK ^OK 

With alcoholic potash the reaction is more rapid. 

Heated mercury, copper, iron and silver remove sulphur from carbonyl 
sulphide ; cuprous chloride reacts according to the equation : 

COS ACu AI. aHoO =C uoS A2HC1 ACO 2 ; 

chlorine forms phosgene, COCI2, together with “sulphur dichloride '' : 

COSA^CU-COCloASCA. 

Halogen Derivatives of Sulphur and Carbon. 

Action of Chlorine on- Carbon Disul'pliidei^ — Carbon disulphide is 
only slightly attacked by chlorine at ordinary temperatures, but in the 
presence of a chlorine carrier such as iodine, a reaction takes place with 
the ultimate formation of carbon tetrachloride. The following inter- 
mediate products have also been isolated : 

(1) Thiophosgene, CSCl.,, b.pt. 73*5^ C. 

(2) Trichloromethvl sulphur chloride or carbon tctrachlorosulphide. 

CCI3.SCI, b.pt. 149" C. 

(3) Trichloromethyl disulphide, CCI3.S2.CCI3, b.pt. 135" C. in vacuo. 

(4 ) Trichloromethyl trisulphide, CCl 3.S 3.CCI 3, a crystal line substance,, 

m.pt. 57-4" C., b.pt. 190" C. in vacuo. 

(5) Chlorothiocarbonyl sulphur chloride, CSCl.SCl, b.pt. 140" C. 

Thiocarbonyl Chloride, Carbon Dichlorosulphide, or Thio- 
phosgene, CSClo. — Thiocarbonyl chloride is produced by the pro-- 
longed action of dry chlorine on carbon disulphide : 

CS2A2Cl2 = SCl2ACSCl2, 

or by passing mixed carbon tetrachloride and hydrogen sulphide vapours, 
through a red-hot tube : 

CCl4AH2S=CSCl2A2HCl. 

^ Buchbock, Zeitsch. physikal. Cheyn,.^ 1897, 23, 123 ; 1900, 77, 361. 

2 Bender, Annalen, 1868, 148, 138 ; Wecldcnburg, Rec. Trac. chim.,, 1928, 47, 496. 
hee Klasou, Ber., 1887, 20, 2376. " Kolbe,^ 4 w//c?2, 1843, 45, 4L. 
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It may also be obtained by reduetiori of carbon tetracblorosulphide, 
CSCI 4 , with tin and hydrochloric acidd 

The chloride is a red, mobile liquid, with a suffocating odour. It 
has a density 01 1-50S5 at lo"" C., and boils at 73-5"’ C. "^It fumes in 
moist air and is decomposed by water or alkalis, forming carbonic and 
hydrochloric acids or their salts and hydrogen sulphide. 

Thiocarbonyl Tetrachloride, Carbon Tetrachlorosulphide, 
or Trichloromethyl Sulphur Chloride, CSGl,, or CigC.SCl. — Thio- 
carbonyl tetrachloride may be prepared by the action of dry chlorine 
on dried carbon disulphide in the presence of iodined It is a golden- 
yellow liquid, with an intensely disagreeable odour : it attacks the eyes 
and respiratory organs. Its density is 1-722.’^ It boils at 149^ C.^ 
When heated in a closed vessel to 200 "' C., thiocarbonyl tetrachloride 
dcconq^oses with formation of sulphur chloride. It dissolves chlorine 
without being attacked. Water at 160"' C. decomposes it entirely into 
carbon dioxide, hydrogen chloride and sulphur. It is also decomposed 
at ordinary temperatures by contact with inetallic iron, the products 
being ferrous chloride and carbon tetrachloride,^ although according to 
de Fazi ^ the reaction may, under special conditions, proceed according 
to the equation : 

CSCl^-l-Fe^FeClo-CSClo. 

With certain catalysts a yield of SO per cent, of thiocarbonyl chloride 
may be obtained. 

Carbon Hexachlorosulphide or Trichloromethyl Trisulphide, 
C 2 S 3 Ci(. or CCI 3 .S 3 .CCI 3 . — This substance is present in the residue 
from the distillation of thiocarbonyl tetrachloride. It forms brilliant, 
colourless. ])rismatic crystals, which fuse at 57*1"' C.'^ and boil at 190" C, 
in vaciio.^ 

Trichloromethyl Disulphide, (CCloS)o or CGF.S^.CCL^, may be 
obtained by the careful action of powdered silver on thiocarbonyl 
tetrachloride. It is a thick yellow oil, which boils at 135'^ C. iji I'cicuo.^ 
Thiocarbonyl Sulphochloride or Chlorothiocarbonyl Sulphur 
Chloride, CSXU or CSCl.SCl, is a yellow oil, boiling at 140" C. in 
cacao. It is obtained when carbon dichlorosulphide is heated with 
sulphur at 130" to 150" C. in a closed vessel. 

Carbon Bromosulphide, C. 2 S 3 Brg. — When a mixture of carbon 
disulphide and bromine is allowed to stand and is then distilled, a 
residue of com])osition CSoBiq is obtained ; this is decomposed by 
water or alcohol, forming sul]diur bromide and carbon bromosulphide, 
CoS 3 Br 3 . Carbon bromosulphide when heated gives rise to bromine, 
sulphur bromide, carbon tetrabromide and a blue substance of apparent 
CO mpo s it i o n C 9 S ^B i’ 4 . 2 11 oO . ^ ^ 

^ Frankjanci, Gamer and Webster, J. Soc. Chcj/i. IncL, 1920, 39, 319. Sec also de Fazi, 
Oazzetta, 1924, 54, 2ol. 

- Frankland, Challenger and Webster, J. Soc. Cko/i. lad.. 1920, 39, 2r)6 ; Klason, loc. cit. 

^ Klason, loc. cit. ; Kathke {Annalem, 1873, 167, lOa) gives density 1-/12. 

^ Klason, loc. cit. 

Frankland, Garner and IVebster, loc. cit. 
de Fazi, Guzzdia., 1923, 53, i., 175. 

" Fathke, Anaolea, 1873, 167, 209, 

^ Klason, loc. cit. 

Klason. loc. c/t. 
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Amino -derivatives of Thiocarboiiic Acid. 


As carbamic acid and carbamide are related to carbonic acid, so are 
thiocarbamic acid and thiocarbamide related to thiocarboiiic acid : 


/SH 

cs< 

\SH 

esg 

\SH 

Tliiocarbonic; Acid. 

Dithiocarbamic 


Acid, or 


T hiolthioncarba in ic 


Acid. 



Thiocarba mid c . 


Dithiocarbamic Acid or Thiolthioncarbamic Acid, CS 


NH, 

SH 


is obtained from its ammonkmi salt, which is formed by the combination 
of carbon disulphide with dry ammonia in the presence of alcohol, the 
salt crystallising in prisms.^ Hydrochloric acid causes separation of 
the acid from an aqueous solution of the ammonium salt in the ibrm 
of an unstable oil, which crystallises below 10^ C., smells of hydrogen 
sulphide, is acid in reaction, and easily decomposes into hydrogen 
sulphide and thiocyanic acid."^ 

Thiocarbamide or Thiourea, CS(XH2)2, is formed by heating 
ammonium thiocyanate to IdO"" C\, when it undergoes an intramole- 
cular rearrangement : ^ 

XILiSCX ^ SC (XH 0)2. 


At the same time some guanidine thiocyanate, X"!! :C(X"’H.2)2-HSCX, is 
produced, although a larger proportion of this substance is formed at 
170" to ISO" The thiourea is freed from guanidine thiocyanate and 
unchanged ammonium thiocyanate by treatment with cold water, in 
which thiourea is but sparingly soluble ; it may then be jDurified by 
recrystallisation from water. 

Another method of preparation consists in heating carbon disulphide 
with ammonium carbonate in a sealed tube. The other product of this 
reaction is ammonium thiocyanate. The yield of thiocarbamide by this 
method is stated to be much below the theoretical value. 

Thiourea crystallises in rhombic prisms and is soluble in elcA-en 
times its weight of cold water. AVhen heated with water to 140" 
C-, ammonium thiocyanate is re-formed. It forms salts which are 
analogous to those of urea, the most characteristic being the nitrate, 
CS(X’H2)2-HX"03. It is oxidised in solution containing blood charcoal 
according to the equation : 

2CS (XLIo ) , + O 2 = C oil 4X^8 -b2H oO g- S. ' 


^ .For the formation of derivatives of the acid, see p. 262. 

' Zeise, AnridUii, 1843, 48, 95 ; Debus, UjuI., 1850, 73, 26 ; Mulder, J . Chem., 

1867, loi, 401 ; 1S6S, 103, i78. 

^ Reynolds, Traii-'^. Chern. Soc., 1855, 8, 1. 

Voihard, 1874, 7, 92 ; J. prakf. Chew., 1874, [ii.], 9, 6. 

'' Giltillan, J. Arncr. Cherti. Sac., 1920, 42, 2072. Eor a study of the equilibrium 
between thiocarbamide and ammonium thiocyanate, sec Burrows, 'ihid., 1924, 46, 1623. 

^ For the kinetics of this reaction, sec Freundlich and Fischer, Zeitsek. physikal. Chew.., 
1925,114,413. 
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Thiourea is used with formaldehyde on a large scale for the pro- 
duction of synthetic resins. It can also be used to produce excellent 
mirrors of galena on glass. 

Azidodithiocarbonic Acid, HS.CS.N^.— This acid has been pre- 
pared ^ by allowing sodium azide, XaNg, dissolved in a little water, to 
react with carbon disulphide : after keeping the mixture in a sto]:»pered 
vessel at 40'' C. for 48 hours, the resulting solution on treatment 
with concentrated hydrochloric acid at 0^ C. yields a white or very 
pale yellow crystalline precipitate of the azido-acid. The crvstals 
belong to the monoclinic system. The acid is fairly soluble in water, 
more soluble in organic solvents. It has the characteristic ])roperties 
of a strong acid, and it is oxidised by various agents, yielding azido 
carbon disulphide, (S.CS.Xg)^, some sulphate also being formed. At 
ordinary temperatures the acid undergoes spontaneous decomposition 
with formation of thiocyanic acid as an intermediate product, 

HS.CS.Xa-HCXS+S-l-Xo ; 

the resulting solid product consists of a mixture of polymerised thio- 
cyanic acid and free sulphur. 

The alkali azidodithiocarbonates may be obtained by the action 
of carbon disulphide vapour on an aqueous solution of the alkali azide 
at 40" C.“ With a 1 per cent, solution of sodium azide the action proceeds 
quantitatively : 

Na>y’3+CS2=XaS.CS.X3. 

If the SCSX'g-group be considered as a unit, azidodithiocarbonic acid 
may be regarded as a halogenoid hydracid having the same relation to 
azido carbon disulphide as hydrogen chloride bears to chlorine,^ and 
undergoing ionisation in solution in accordance with : 

HSCSXg ^ H -hSCSXgh 

Azido carbon disulphide, (S.CS.Ng).,, may be prepared by the 
oxidation of the foregoing compound or its salts. It is a white, crystal- 
line solid, very sparingly soluble in water. At ordinary temperatures it 
decomposes spontaneously, yielding nitrogen, sulphur and a pohdhio- 
evanogen : 

(S.CS.Xg)2=2Xo-f2S + (SCX)2. 

It reacts with caustic potash in much the same manner as a halogen, 
forming the potassium salts of azidodithiocarbonic acid and azido- 
oxydithiocarbonic acid : 

(S.CS.X3)2+2K0H=KS.CS.X3-hK0S.CS.X3-rH20. 

Potassium azide reacts with iodine in the presence of carbon di- 
sulphide to form potassium iodide and nitrogen as the final products, 
but the reaction appears to proceed according to the following scheme : 


^ Smith and AVdlcoxon, J. Ame,r. Chem. Soc., 1923, 45 , 2604. 

“ Currier and Browne, ibid., 1922, 44 , 2849 ; Browne and Hoel, ibid., p. 2315. 

" See Smith and Wilcoxon, loc. ciL : Browne, Hoel, Smith and Swezey, ibid., 1923, 45 , 
2541. 

Browne and Hoel, ibid., 1922, 44 , 2106. 
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(1) KX3+CS2-KS.CS.X3, 

(2) 2KS.CS.X3+2I-(S,CS.X3),+2KL 

(3) 2KX3 + (S.CS.X3)o-2KS.CS.X3^3X,, 

or 1 (S.CS.X3)2=2CS,-r3X2. 

The reaction is facilitated by the presence of alcohol or acetone, and it 
may be used for the determination of azides. The catahTic effect of 
sulphides and thiosulphates on this reaction has already been mentioned 
(pp. 65, 205). 

The following formula has been suggested for azido carbon di- 
sulphide : “ 

X : X : X • c - s • s • C • X : X : X 


s s 


Thiocyanogen and its Derivatives. 

Thiocyanogen, (CNS).,. — Tliiocyanogen was first obtained by 
Sodcrback by the action of bromine or iodine on a suspension of the ' 
thiocyanate of silver, lead, cadmium, mercury, zinc, thallium or copper 
in carbon disulphide : ^ 

2MSCX -Br . - 2MBr - (CXS ) o. 

It may also be prepared by electrolysis of the alkali thiocyanates 
in aqueous or alcoholic solution, using a platinum gauze anode and a 
sih'er cathode. On evaporation under reduced pressure, thiocyanogeii is 
obtained as a viscous oil, solidifying at —70^ 

A usual method for the preparation of a solutio]! of thiocyanogen is 
to treat lead thiocyanate with a dry ethereal solution of bromine cooled 
in ice. 

When a solution of thiocyanogen in carbon disulphide is cooled to 
— 70° C., the thiocyanogen is obtained in cruciform aggregates of almost 
colourless crystals, melting at —2° to —3° C. On warming to ordinary 
temperatures the thiocyanogen becomes reddish-brown in colour and 
more viscous ; finally a brick-red amorphous solid is obtained. Thio- 
cyanogen is very readily soluble in ethyl alcohol and ether, slowdy soluble 
in carbon disulphide and carbon tetrachloride.'^ 

In many of its reactions, and in its molecular formula, thiocyanogen 
shows a close analogy with the halogens. Its molecular weight has been 
determined by the cryoscopic method, allowing a known weight of 
bromine to react with lead thiocyanate in the presence of bromoform, 

Pb(SCX),-Br 2 ==PbBr,-^(SCX)o, 

and measuring the depression of the freezing-point thus obtained. The 
result obtained is in agreement with that required bv the molecular 
formula (CXS).,.® 

When thiocyanogen is treated with chlorides or bromides no appreci- 
able effect is produced. It liberates iodine from aqueous or alcoholic 

1 Feigl and Chargail, Zeiisch. anal. Chp.m., 1928, 74 , 376. 

- Browne, Hoel, Smith and Swezey, loc. cit. 

^ Sodcrback, Annalcn, 1919, 419 , 2 i 7 . 

Kerstein and Hoffmann, Ber., ]924, 57 , [B], 491. 

^ Sodcrback, loc. cit. ^ Lecher and Goebel, Ber., 1921, 54 , [BJ, 2223. 
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solutions of the iodides of cadmium, lead, silver and mercury. When 
treated with iron powder, or mercury, the eorrespondiny thiocyanates 
arc formed. Vv ater interacts with thioeyanogen to form tiiioevanic acid, 
hydrogen cyanide and sulphuric acid. 

The reactions of thioeyanogen may roughly be divided into two 
types : (1 ) Reactions in which the radical combines directly with metals 
to form the corres})ondiiig thiocyanates, and with cuprous thiocyanate 
to form the cupric salt. (2 ) Reactions in which a substitution is effected ; 
for example, with aniline, dimethylaniliiie and phenol, the correspondino- 
p-thiocyano-dcTivatives and thiocyanic acid are formed.^ 

According to Kerstein and Hoffmann - a further analogy between 
thioeyanogen and iodine lies in the formation of trithiocyanates [cf. 
tri-iodides) by the union of thioeyanogen with thiocyanates. These 
trithiocyanates behave like free thioeyanogen, except for their lesser 
sensitiveness towards water. 

Thioeyanogen in solution in chloroform may react with chlorine in 
three distinct ways yielding (1) thioeyanogen monochloride, SCXCl, 
(2) sul})hur chloride and cyanuric chloride, and (3) thioeyanogen tri- 
chloride, SCXCl 3.^ 

Estiinatioii of Thiocijanogen. — Solutions of thioeyanogen in organic 
solvents can be titrated accurately by agitation with at least twice the 
equivalent quantity of potassium iodide and determination of the 
liberated iodine. 

The application of thioeyanogen in volumetric analysis is restricted 
by the necessity of using anhydrous solvents and dry vessels, to avoid 
hydrolysis. With a sullieient excess of sodium thiosulphate or hydrogen 
sulphide, respectively, thioeyanogen reacts quantitatively according to 
the equations : 

( C X S ) ., + 2Xa oS 2O 3 = 2XhaSCX^ -f- X'a .>S .^O ^ 

and 

(CXS)2 + S"-2SCXA-S.^ 

Cyanogen Monosulphide or Thiocyanic Thioanhydride (CN)oS. 
— This compound is formed by the interaction of silver thiocyanate and 
cyanogen iodide in ether solution, silver iodide separating out : ^ 

CXSAgn-CXI^AgI^{CX)2S. 

It is also formed when mercuric cyanide is treated with sulphur chloride, 
and together with cyanogen trisulphide, (CX")2S3, 'when silver cyanide 
interacts with sulpliur chloride.^ 

Cyanogen monosulphide crystallises in rhomboidal crystals which 
pa.rt]y sublime at 30^ to 40'' C. and melt at 60^ C. It is soluble in water, 
alcohol, ether, carbon disulphide, chloroform, benzene and sulphuric 
acid. It is decomposed by hydrochloric acid. It precipitates iodine 
from potassium iodide. Alcoholic potash decomposes it into potassium 
cyaiicxte and potassium thiocyanate : 

(CX).2S-r2K0H=KCXS+KCX0AH20. 


^ Cliallengcr, Smitii and Paton, Tra/i*-. Chern. Sac., 1923, 123, 1046. 
- Kei'stein and Hoffmann, Ber., 1924, 57, [B], 491. 

^ Kaiifraaim and Liepe, ibid., 1924, 57, [BJ, 923. 

^ Kaufmann and Gaertner, ibid., 1924, 57, [Bj, 92S. 

^ Linjiemann, Annalcn, 1S49, 70, 36. 

^ Schneider, J. prakt. Chem.^ 1885, [2], 31, 197 ; 32, 187. 
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This is in accordance with its character as a thio-anhydride. It is 
transformed into hydrogen cyanide and thiocyanic acid by the action 
of hydrogen, hydrogen sulphide or potassium sulphide. 

Cyanogen Trisulphide, (GNl^Sg or (CN)6Sy.— The non-volatile 
residue which is formed when silver cyanide acts on sulphur chloride 
constitutes cyanogen trisulphidc. It is a dark yellow crystalline powder, 
insoluble in water, alcohol, ether, carbon disulphide and chloroform. 
It is unattacked by hydrochloric acid and is soluble in concentrated 
sulphuric acid. It is transformed into carbon dioxide and sulphuric 
acid by nitric acid or aqua regia. When distilled, the products are 
carbon disulphide, sulphur and tricyanuramide, X3(C3X3)3.i 

Sulphur Thiocyanate, S(SCN). 2 , is formed as colourless, pearly 
crystals, when a solution of thiocyanogen in ether reacts with, dry 
hydrogen suljDhide. It decomposes at atmospheric temperatures. 
Heated in an oj^en tube on a water-bath it darkens rapidly and then 
suddenly decomposes, evolving orange fumes. A solution of sulphur 
thiocyanate in a mixture of ether and benzene docs not react with 
powdered iron, but on the addition of a drop of water the characteristic 
red colour of ferric thiocyanate develops immediately. By this reaction 
sulphur thiocyanate can be distinguished from free thiocyanogen.- 

Disulphur Dithiocyanate, S; 2 (SGN) 2 , is formed ^ by the interaction 
of sulphur chloride and a metallic 'thiocyanate, the best and most uniform 
results being obtained when mercuric thiocyanate is used. Chloroform 
or carbon tetrachloride forms a suitable solvent if the product is only 
required in solution, since these do not dissolve mercury salts ; if the 
compound is to be isolated, carbon disulphide is the required solvent. 
Disulphur dithiocyanate forms colourless crystals which melt at — 3 - 3 " C., 
forming a viscous, yellow, odourless liquid, which is somewhat unstable. 
On cautious heating it becomes dark yellow, then red, and finally deton- 
ates. It is hydrolysed by water according to the equations : 

So(SCX).,-l-2HoO — > HO.S.S.OH-r2HCXS, 
HO.S.S.OH-r2HCXS — ^ 2S+2H20-f (SCX)., 

and 

3(SCX)2+4H20 — ^ 5HCXS+H2SO^-f HCX. 

Thiocyanic Acid, Sulphocyanic Acid or Rhodanic Acid, HSGX. 

— This acid was isolated by Winterl (IT90), Buchholz (1798) and Rink 
(1804).'^ Its potassium salt was first prepared by Porret in 1 808 by 
boiling potassium sulphide solution with Prussian blue. The composition 
of the acid was first determined by Berzelius in 1820.^ The question of 
the formation of the acid in animals has been the subject of investigation 
by Dezani and others, but their results have led to the conclusion that the 
acid is not produced in the animal organism, but is purely exogenet ic.^’ 

An aqueous solution of thiocyanic acid may be prepared by the 
decomposition of either silver or mercuric thioc^mnate with hydrogen 
sulphide, or by decomposing barium thiocyanate with an equivalent 
quantity of sulphuric acid. It may also be obtained by distilling 

^ Sdineider, loc. cit. ; V. Meyer, J . prahi. Chem., 1885, [2], 32, 210. 

- Lecher and Wittwer, i?er., 1922, 55, [B], 1481. 

^ Lecher and Wittwer, loc. cit. 

^ Rhik, Neues allgem. J. Chem. v. GeMen^ 1803, 2, 460. 

^ Berzelius, Schioeigger's J., 1820, 31, 42. 

^ See Dezani, Arch. Farm. Sperm., 1917, 23, 245 ; 24, 113 ; 1918, 26, 115 ; 1919, 28, 2S. 
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potassium thiocyanate with a dilute acid such as sulphuric, phosphoric^ 
oxalic or tartaric acidU 

The acid may be obtained in the anhydrous state by distilling its 
potassium salt with dilute sulphuric or phosphoric acid, passing'^the 
vapour through a long calcium chloride tube and then condensing it in 
a freezing mixture. A better way is to drop concentrated sulphuric 
acid on to a mixture of potassium thiocyanate and phosphorus pent- 
oxide in an atmosphere of hydrogen. The acid distils over under a 
pressure of 40 to 60 mm.- It is stated ^ that still better results are 
obtained by this latter method if potassium hydrogen sulphate is used 
in place of sulphuric acid. 

At ordinary temperatures thiocyanic acid is a clear, yellowish, 
volatile, oily liquid, of unknown boiling-point, which when sufficiently 
cooled forms colourless crystals, stable in dry hydrogen at —15° C., 
melting at 5'^ C., and readily decomposing with evolution of heat into 
hydrocyanic acid and isoperthiocyanic acid, The vapour of 

thiocyanic acid is stable. The acid is readily soluble in water, alcohol, 
ether and benzene. It has a corrosive action on the skin. Hydrogen 
peroxide oxidises it according to the equation : 

HCXS--3HoOo-HCX+IIoS04-f-2H.O. 

This reaction is accelerated by the presence of nickel and cobalt salts. ^ 

Cryoscopie measurements on the acid in benzene, etc., indicate a mix- 
ture of single and double molecules. Single molecules of thiocyanic 
acid may be represented by the formula X=C— SH or S:C=NH. 
Probably the inorganic salts and the esters derived from them have the 
constitution represented by the first formula. The esters are con- 
verted into sulphonic acids and hydrocyanic acid by oxidation, 

XCSR+HoO-'r 20 -RS 03 lI-HCX, 

and arc reduced by nascent hydrogen to mercaptans : 

XCSR +2H = RSH + HCX. 

They can, however, undergo isomeric change into the esters of iso- 
thiocyanic acid, these esters constituting the mustard oils : 

X-C-SR — ^ SC=XR. 

This change is accompanied by the evolution of heat, which for the 
methyl ester amounts to 6800 calories.'' 

IMeasurements of the molecular refraction of thiocyanates have been 
made.® 

The heat of formation of thiocyanic acid in aqueous solution from 
its elements is —19,900 calories, and from HCX" aq. -p5800 calories.' 

^ Beilstein and Geuther, AnnaJen, 1858, io8, 92. 

- Rosenheim and Levy, Btr,, 1907, 40, 2166. 

^ Ruck and Steininetz, Zeitsch. anorg. Chem., 1912, 77, 51. 

Kastle and Smith, Arner. Chem. J., 1904, 32, 376. See. also Rosenheim and Levy, 
Ber., 1907,40,2166 ; Ruck and Steinmetz, loc. ciL; Freundlich and Seal, Zeitsch. Chem. 
Ind. Kolloide, 1912, ii, 257. 

^ Thomsen, TJiermochemische UntersucJmngen, 1SS6, vol. iv. bee Laiidolt-Bornstein, 
Tabellen, 4th ed. (Berlin, 1912), p. 849. 

^ Dixon and Taylor, Trans. Chem. Sgc., 1910, 97, 927. 

Joannes, Compt. rend., 1882, 94, 797. 
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An aqueous solution of thiocyaiiic acid is largely ionised and 
approaches liydroehloric acid in strejpgth. 

In the following table arc given the conductivity (A^ ) and degree of 
dissociation (y) at various dilutions (n litres) at 25" C., whence the 
constant K is calculated.' 



/-i;* 

i Z ‘ 

K. 

2 

326 

0-88346 

4-74 

4- 

337 

0-91328 

4-81 

8 

345 

0-93405 

4-75 

16 

352 

0-95392 

4-94 

512 

369 

1-00000 

Mean =4-81 


When an alkali thiocyanate is warmed with moderately concentrated 
sulphuric or hydrochloric acid, a yellow solid separates and carbonyl 
sulphide gas is evolved, which burns with a pale sulphurous dame. 
The yellow substance contains 'z' 6 uperthiocyanic acid, formed, together 
with hydrocyanic acid, according to the reaction : 

3liCXS = C oX.,S 3 II -i- II CX. 

The carbonyl sulphide is produced, togetlier with ammonia, by hydro- 
lysis of the thiocyanic acid, which hydrolysis, according to Klason,- is 
preceded by the formation of thiolcarbamic acid, thus : 

CXSIi-i-IIoO — HS.CO.XIIo — COS-Xil.. 

Besides these products there arc others, including hydrogen sulphide 
and sulphur, which react with the thiocyanic acid to produce the 
disulphide of thiolthicncarbamic acid, thus : 

2CXSI-Id-H2S+S-H2X.CS.S.S.CS.XI-I,. 

This compound, however, decomposes on warming, yielding ammonium 
thiocyanate, carbon disulphide and sulphur, thus : 

(XH. . CS . S.)2-XII,iCXSA CS o-i-S. 

Under the action of zinc and hydrocliloric acid, thiocyanic acid is 
reduced to trithioformaldehydc, ammonia, methylaniine. hydrogen sul- 
phide ami hydrocyanic acid.'^ Bromine oxidises tliiocyanates cpiantita- 
tively in aqueous solution, thus : ^ 

KSeX -r 4-Br .. -h dll .,0 - KBr + CXBr -g K O ^ -A hllBr . 

The Thiocycniates -. — The salts of thiocyanic acid are generallv 
obtained by the direct action of sulphur or a polysulpiiide on the cyanide, 
by the action of hydrogen cyanide or cyanogen on a polysulphide, 

(Xil 4 ) ,S o -h l-icx = XH ^iCXS -rXH JIS. 

XaoS 2 -i-(CX) 2 =: 2 XaCXS, 

^ (Jstwald, Lehrbuch der allgeni, Chevi.^ 1003, ii., 1, 729 ; Kudolphi, Ztdsr.h. jZiydkal. 
Chtrd., 1895, 17, 393. - Klason, J. irrahi. Cheni., 1887, [11. j, 36, 57 ; 1888, 38, 383. 

3 Hofmann, Btr., 1867, i, 179. Kdnig, J. prakt. Chtm., 1911, [ii.], 84, 558. 



COMPOrXDS OF SULPHUR. 2S] 

or bv the decomposition of a complex cyanide by iii-,ion with an alkali 
carbonate and sulphur.^ 

The tliiocyanates are generally scdu'ble i:i water, tlie exce])t:ons 
being those oi lead, silver, mercury and co|)per. i\IosL oi‘ them di^5So!ve 
also in alcohol and ether. Aqueous soiutions i>i tlie alkah thiocyanates 
undergo atmospheric oxidation under the imiuenee ot sunlight : with 
solutions of medium concentration tliis change takes }>lace rapidly, with 
separation of a yellow, amorphous precipitate consisting of p^eado- 
cyanogoi sulphide, (CXS)^ {cf. p. 230). The concent ratioii of tliioeyaiuite 
most favourable to the separation of this sulphide is about 50 per cent, 
in summer and 10 per cent, in winter. In additic/ii to this sidostance 
the products of the photochemical oxidation of ])otassium tliioeyanate 
include hydrocyanic acid, sulphate, carbon dioxide, ammonia and 
ammonium salts : 

12KCXS~12024-bIl20 = 6K,S04-h3HCX-3C0,~3Xll3~2(CXS)3. 

An unstable intermediate peroxygenated compound is also always 
formed. This gives a blue coloration to fresh guaiaeuin tincture and is 
possibly analogous to Cairo's aeid.- 

Any pink colour that may develop in solutions of alkali thiocyanates 
on exposure to light is due to oxidation of traces of ferrous salts usually 
present by dissolved oxygen.^ 

On heating, ammonium tliioeyanate is converted into thiourea (see 
p. 274) : 

NIliCXS === CSfXH,).,. 

The existence of a compound of ammonium thiocyanate and thiourea, 
XTT4CXS.4CS(XH2)- is indicated by tlie melting-point diagram.^ 
Ammonium thiocyanate forms a condensation product with formalde- 
hyde, this being only sparingly soluble in water and ordinary solvents, 
and decomposed by strong acids or alkrdis.^^ 

The thiocyanates, except tliose of the heavy metals, are decomposed 
in the cold by dilute mineral acids, and on heating, tlic free tliiocyanic 
acid distils over. With modera.tely concentrated acid, carbonyl 
sulphide is ]>roduced (see }). 270), whilst concentrated sulphuric acid 
causes ra})id decomposition, with evolution of pungent vapours con- 
taining carbonyl sulphide, formic acid, carbon dioxide and sulphur 
dioxide. 

The reaction between ferric salts and alkali thiocyanate, which 
constitutes the ^vell-kno^yu test for ferric iron, has been the subject of 
much investigation.^ It may he represented simply thus, 

FeCLA^^KCXS — Fe(CXS)3-3KCl, 


^ Loew, J . jjraki. Chtm., 1S53, 6o, 47vS. 

- Ganassini, Ball. Chun, farm., 19iU, 58, 457. 

^ See Montignie, Bull. Soc. chinu, 192S, [ix-]. 43, lUO ; PaLten and Smnh, T/-an>. Boy. 
Soc. Canada, 1928, [lii-j, 22, III, 221. 

^ Reynolds and AVerner, Trans. Chern. Soc., 1903, 83, 1. 

^ Smits and Kettner, Froc. K. Akad. Wefensch. Amsterdam, 1912, 15, 083. See also 
Foote and Hunter, J. Arner. Chem. Soc., 1920, 42, 69 : 1921, 43, 101s, i038. 

® Schmerda, Zcitscli. angew. Chem., 1917, 30, i., 176. 

' See Vol. IX., Fart IX., of this Series, p. 236. Also Bongiovamii, Gazzeita, 1907, 37, i., 
472 ; 1908, 38, n., 5, 299 ; Boll. Chim. farm., 1910, 49, 789. 
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the resulting blood-red colour being said to be due to non-ionised 
ferric thiocyanate, its intensity depending on the product of the con- 
centrations of ferric and thiocyanate ions. On dilution the solution 
becomes decolorised, possibly owing to hydrolysis of non-ionised thio- 
cyanate into yellow colloidal ferric hydroxide and thioeyanie acid.^ 
Philip and Bramley,- however, confirm the judgment of other observers 
that the loss of colour is associated with reduction of the iron, and thev 
show that the following equation approximately represents the change 
in aqueous solution ; 

8Fe(CXUS)3-f6H20-8Fe(CXS).--?IICXS-LC02--IdoS0,-rN^^^^ 

The discharging of the colour by oxalates, tartrates, etc., appears to be 
caused by the formation of complex ions with the ferric ions of the 
ionised ferric thiocyanate, which causes further dissociation of the red 
non-ionised salt and consequent loss of colour. 

Ferric thiocyanate is readily soluble in aqueous ether, and the extract 
possesses a deep violet colour which can be completely discharged by 
the addition of ferric chloride. The explanation of this cflect put 
forward by Clarens ^ is that an excess of thiocyanate is necessary for the 
formation of ferric thiocyanate ; when a ferric salt is added this excess 
of thiocyanate is removed and a salt of dithiocyanic acid, insoluble in 
ether, is formed.'^ 

Silver thiocyanate, formed as a white, llocculent precipitate by 
double decomposition, is insoluble in dilute mineral acids. It is upon 
the formation of this salt that VoJharcFs volumetric method for the 
determination of silver or of thiocyanate (see p. 283) depends. 

Both cupric and cuprous thiocyanates may be obtained by precipi- 
tation. The former, which forms as a black precipitate when excess 
of thiocyanate is added to a coj^per salt, is unstable, and if allowed 
to remain under water, loses thioeyanie acid and forms the cuprous 
salt.^ The latter is precipitated as a white powder by the addition of 
a soluble thiocyanate to a solution of copper sulphate in the presence 
of sulphurous acid. 

TIercuric thiocyanate, which is formed as a wlhtc precipitate when 
mercuric nitrate and potassium thiocyanate solutions are mixed, is 
soluble in excess of cither solution. When dried, this salt is inllammable, 
forming a voluminous ash known as Pharaoh's serpents." By the 
interaction of a mercuric salt with ammonium thiocyanate and thio- 
earbamide in acetic acid solution in the ])rcsenee of an oxidising agent, 
or by the action of hydrogen sulphide on mercuric thiocyanate, the 
jdiototropic compound HS.IIg.CXS is obtained.^ 

The Deteciion cuid Estvncdiop. of Thiocycui cites . — A thiocyanate may 
be detected by its behaviour with sulphuric acid (p. 281) and by the 
blood-red colour produced with ferric chloride, which colour is dis- 

^ Other views are put forward in Vol. tX., Part 11. , of this Senes, p. 236. Sec Kriiss and 
Moraht, Ber., 1SS9, 22, 20-54, 2061 ; ZetUxh. anorg. Chtni., 1892, i, 399 ; Tarugi, Gazzetta, 
loot, 34, li., 326. 

- Philip and Bramlcy, Trans. Chem. Boc., 1913, 103, 795. 

Clarens, Bull. Soc. chlni , 1923, [iv.], 33, 988. 

•’ See also Durand and Bailey, itnd , p. 654 ; Brioni, GazztlLa, 1908, 38, ii., 638. 

^ See Philip and Bramley, Trans. Chem. Soc., 1916, 109, 97. 

Venkataraniaiah and Rao, Nalure, 1923, in, 775. Por further description of the 
thiocyanates raentioned here and other metallic thiocyanates, see under the various metals 
in other volumes of this Series. 
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charged by mercuric chloride owing to the formation of the conijnex 
salt HgCXS.ligCIo; and by Rochelle salt owing to the formation of 
undissociated ferric tartrate. The red compound is soluble in ether. 
The reaction is extremely sensitive, but it cannot be applied to the 
colorimetric estimation of thiocyanates." 

Evolution of nitrogen from sodium azide-iodine mixture is ’orought 
about by traces of thiocyanate, and the latter may readily be detected 
by this means in the presence of most inorganic oxy-acids and the 
common organic acids.- Sulphides and thiosulpiiates interfere (see 
pp. 65 , 205 ) and must previously be removed by means of mercuric 
chloride. 

Thiocyanates may be estimated gravimetricaiiy by preci]Ditation 
as cuprous thiocyanate, or in the absence of halogen acids and hydro- 
cyanic acid, as silver thiocyanate. Other methods depend on oxidation 
to sulphate and precipitation with barium chloride. The oxidation 
may be brought about by means of bromine water ^ or by a reagent, 
containing chlorine, prepared by electrolysis of a solution containing 
sodium and magnesium chlorides.*^ The thiocyanate ion is also quanti- 
tatively precipitated as copper-pyridine thiocyanate, [CuPyoj^CXS )o, by 
the addition of a little pyridine and excess of cupric sulphate solution.^ 

Volumetrically, thiocyanate is estimated by Volhard's method, 
which involves titration with standard silver nitrate solution containing 
nitric acid, ferric alum being used as indicator. Cuprous thiocyanate 
dissolved in ammonium hydroxide solution and acidified with dilute 
sulphuric acid may be titrated with permanganate.^ An iodometric 
method has also been described.' 

The Complex Thiocya nates. — The alkali thiocyanates show a marked 
tendency to form double and complex salts with the thiocyanates of 
other metals. The double salts in general resemble in type the double 
halides. Such compounds as ivAgqCXSlo and KoAg(CXS)3 may be 
considered as derivatives of di- and tri-thiocyaiiic acids, but in the 
salt (XH4)5Ag(CXS)6 the silver is not precipitated by the addition of 
chloride ion.^ 

The alkaline earth metals yield compounds of the type RoiM(CXS)4, 
where R is an alkali metal or silver ; these are of interest since double 
halides of this type containing alkali and alkaline earth metals are not 
known. 

iManv compounds containing three metals, for example, of the tvpes 
CsoAgoM(CXS)8, (M-Ca, Mg, Mn or Cd), and CsMXi(CXS)5, (M=Ago 
or Cu), have also been prepared.^ 

Certain tervalent metals yield series of double thiocyanates which 

^ See Durand and Bailey, Bull. Soc. chim., 1923, iv., 33, 954. For the sensitiveness of 
this reaction alone and in presence of iodide, acetate or nitrite, see Curtman and Harris, 
J . Arner. Chtrn. Soc., 1916, 38, 2622. 

- Feigl and others, MikrocJiehi., 1929, 7> 16. 

^ See also the use of nascent bromine, Treadwell and Hayr, ZeiUch. cuiorg. Chci/t., 1915, 
Q2, 127. ^ See Dubose, A/in. Chini. anal., 1921, 3, 297. 

^ Spacu, Bui. Soc. Stante Cluj., 1922, i., 302. 

Ronnet, Aim. Chim. anal., 1911, 16, 336. 

" Schwicker, ibid., 1929, 77, 278. For the detection and estimation of thiocyanates in 
the presence of ferrocyanides, see Rerciabosco, Aunali Chim. AppL, 1923, 13, 346. 

® Cernatescu, Bull. Acad. Sci. Rouniaine, 1920, 6, 53. 

^ For a description of these and many other such compounds, see Wells and others, 
Amer. Chem. J., 1902, 28, 245 ; 1903, 29, 474 ; 30, 14A, 1S4 ; Amer.J. Sci., 1922, [5], 4, 27 ; 
Bjerrum and Kirschner, Bet. K. Danshe. \ idensk, Selsk. Skrifier . iS at. Math., 1915, 7> ^"6- 
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may be considered as salts of hypothetical acids of the type H3[M(CXS )c] ; 
for example, iron,^ chromium - and bismuth give such compounds. 

Complex eom]3oiiiids of thiocyanates and arsenious oxide, for example 
KCXS.2AS0O3 (microscopic hexagonal platelets), and an asbestos-like 
mass approximating in composition to 2XaOil.XaCX^S.2As203.4lIoO, 
have been prepared,^ as also hewe alkali and ammonium salts of tliio- 
cyanatocobaltous acid, K.>Co(CX‘S)4 and (XH4)2Co(CX^S)4.'’ By the 
action of ammonia on the latter salt, cobaltotetrammine thiocyanate, 
Co(CXS)o(X'n3)4. has been obtained as rose-red needles.^’ 

Ditliiocyanic Acid, (HCNS).,, is obtained by decomposing its 
potassium salt with sulphuric acid. The potassium salt is formed when 
perthiocyanic acid (see below) is treated with a cold aqueous solution of 
potassium hydroxide.^ It is a dark yellow powder, slightly soluble in 
cold veater, inore solulhe in hot water ; it is soluble in alcohol and in 
ammonia. Aqueous and alcoholic solutions made in the cold do not 
colour ferric salts.^ 

Trithiocyaouric Acid, (HCNS)3, may be obtained by treating 
cyanuric chloride with sodium sulphide.^ It forms yellow needles, 
stable up to 200'' C., soluble in water. At 200° C. hydrochloric acid 
transforms it into cyanuric acid. 

Perthiocyanic Acid, H.^G.^NoS.^, may be prepared by the action 
of mineral acids on thiocyanic acid. IVhen potassium thiocyanate 
(100 parts) dissolved in wmter (00 parts), and slightly more sulphuric 
acid (too parts, sp. gr. 1-1 1 ) than is required to liberate the thiocyanic 
acid, are mixed, on standing orange-coloured crystals of perthiocyanic 
acid separate out : 

siicxs - ncx A 11 ,c oX .s 3. 

When heated abo'\x^ 220° C., perthiocyanic acid decomposes into carbon 
disulphide, ammonia, sulphur, and a residue of composition wdiich 
varies according to the temperature. On hydrolysis with water the 
main reaction is : 

11 ,X .,C .,S 3 - 2li .,0 = XII 4CXS -I- CO , A H A ^ S . 

Heated with concentrated sulphuric acid, perthiocyanic acid gives 
sulphur dioxide, carbon dioxide, thiourea, thiocyanic acid and am- 
monium sulphate. Heated with chlorine the acid gi\*cs cyanogen 
chloride, sulpliur chloride, hydrogen cliloride and a reddish-browm 
insoluble residue. Ferric chloride gives a coloration similar to that 
produced witli tliiocyanic acid.^^ 

Ferthiocyanogen, HC3N3S3, is a yelhnv, amorphous powder, 
insoluble in water, alcohol, ether and concentrated sul})huric acid ; it 

^ See this Serjes, Vol. JX., lUrt TI., p. 237. 

“ See tins Senes, Xol. \T[., Part III., p. 99. 

^ See Raciello and Foa, Gazzella, 1923, 53 , d2G. 

Ephraim, Ilelv. Chiui. Acta, 1920, 3 , SOO. 

^ Allen and ]'>Iiddleton, Proc. Jndiana Acad. Sci., 1922, p. 103. 

Sand, Bcr., 1903, 36 , 1436. 

‘ Fleischer, Ayinale-)!, 1875, 179 , 204. 

s Klason, J. prakt. Ckem., 188S, [2], 38 , 383. 

° Hofmann, Per., 1888, 18 , 2201. 

Chattaway and Stevens, Tra-ns. Chern. Soc., 1897, 71 , 607. For various reduction 
products of perthiocyanic acid, sec Chattaway and Stevens, ibid., p. 833. For the con- 
stitution of dithioevanic and perthiocvanic acids, see Hantzsch and Wolvekamp, Annalen, 
H104, 331 , 265. 
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can be obtained by the action of chlorine or boilinii; dilute nitric acid on 
an aqueous solution of potassium thiocyanate. It is decoiiipo^cd :jv 
heat according to the equation : ^ 

3IIC 3 X 3 S 3=308,- 38 - 1 r 3 C 

iMUh'iie.) 

With concentrated ])otassium hydroxide solution thiocyanic acid is 
obtained. 

Compounds of Cyanogen with Hydrogen Sulphide. — Tlie two 
gases cyanogen and hydrogen sulphide do not react when dry. l)ut wlien 
moist they combine in the proportions of 1 molecule (.)i cyaivogeii vrit-i 
either 1 or 2 molecules of hydrogen sulphide. \Vhen the cyanogen is 
in excess the product is the monosulphide, while the disulnliie.e is pro- 
duced with excess of hydrogen sulphide. When l^oiled with alkalis 
these compounds yield the alkali sulphide and ammonium oxalate. 
The monosulj)hide, CoXo-HoS, crystallises in yellow needles, odourless 
but possessing a bitter taste, soluble in water, aleoliol or ether. Tlie 
disulphide, C2X2-2H28, yields small, brilliant, o])aque, orange crystals, 
soluble in water, alcohol, ether and sulphuric acid. 


Glutz, Ber., 1870, 3 , 346, 
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SELENIUM. 

Symbol, Sc. Atomic weight, 70-2. 

Occurrence. — Although a relatively rare element, selenium is fairlv 
widespread in nature,^ being frequently found in small quantities 
both in the combined state in pyrites and sul])hi(le ores “ and also in 
the free state in the volcanic sulphur deposits o(‘ Italy, Hawaii and the 
Lipari Islands. In the sulphur deposits the selenium is usually present 
in tlie form of an isomor]dioUs mixture with the sulphur. Its occurrence 
in Swedish pyrites (from Falun) led to the discovery of the element 
by J. J. Berzelius in 1 81 7,'^ during an examination of tlie deposit formed 
in the lead chambers of a sulphuric acid ])lant. Owing to the striking 
chemical rcsem])Iancc of the new element to tellurium (see p. 351), 
Berzelius assigned it the name selenium (C-k. selene, the moon), which, in 
order to indicate the metalloid nature of the element, is sometimes 
modified into seleiiion. 

Selenium also o(*curs as tlie main negative constituent in certain 
minerals ; thus selenides of iron, cadmium, lead, copper, silver and 
mercury are found to a. limited extent, ])articularly in South America. 
The following arc^ the moia^ important of such minerals : cUmstludite, 
PbSe ; cr()()li(’:sif(\ ((aiTlAg)oSe ; enavirifr, CuSe.AgoSe; lelirhachite, 

PbScallgSe; onofrite. ligSc. IdigS; a.nd a doubles selenide of 

lead and eo{)]Kn-, which may contain up to 31 per cent, ol' selenium. 
Certain sc'lenitc's, for exainph' of Ic'axl and coppiae are also ibund in 
small (pjaiil ities.’^ None' of tlu'si* miiua'als is of importaiice as a source 
of selenium, liowc'vc'i*. 

Sc'lcnium in flu; form of llu' dichloride' may also occur in commercial 
hydrochloric acid ])roduc('d by iK'at ing sodium chlorides with seleniferous 
sulphuric a.cid.'’ 

As to whct lu*r or not. se'K'iiium is a ( hhnit c' conslituc'nt of animal and 
v'cge'tablc orga.nisms is a. mat.t,e*r of dispute'.” Ace*ording te) Uassmann ® 

' t lie ()(•(• urr'ciicc of .-^rlcniiini in ^’()^ksll ir(‘ coki', mm* Sinif !i, ,/. Xor. (Jfic.hi. J nil., 1008, 
22 , 2U! ; in conunci’ci;! I copper, sec* \'iolcM(‘, ('onijit. and., 1S70, Jo, 72!); in tooth and 
})()iu‘, ( lassnia no, phijsiol . (■h'ln., !!)!(), 97, .‘fU7 ; in conimcnual silver, see 

Dcdiray, lUr., IS7(), 9, Sf) 1 ; m a. mineral water, sei* Talajury, Hull. Hoc. chim.., 1!)00, [iv.], 
5, SOT) ; in rain and snow, sia' ( kassinann. Heir. ('hnn. .-IrC/, i!)lS, i, 02 ; Karror, 499. 

“ ddioinson, H/iilnnoph!/, IS21, 18, .72; Sandorfy and Otto, Annultn, 1842, 42, 

84“); Sc.lieiirer- K(“st tier and 1 1 osen.-'t lelil , Hull. Hoc rhnn., ISfiS, 111.], 9, 4.8; (Juichard, 
ibid., 1900, [lii.;, 23, I 17 ; I’iIi})enko, Hull Arad. Set. Iblrofjrud, 1909, p. 1118. 

Stroine\’(“r, Ann. Hlnp^. ('hrut.^ 1 S2 1 , ! 11. ], 2, llO; ! )el i do, 1 cSlfO, { 11. j, 39, -720 ; 

Ih'own, Atnrr. ./. Sri., 191(), 42, 1.82. 

’* Ih'rzeliiis, .4////. ('him. Hhif.-<., ISIS, [11. 1,9, 2.89, .‘JdO ; .\un. Hhijn. C.'/eV/o, 1826, [ii.J, 
7,242; 8,428; Annulrn, 1 S 1 1 , 49, 2.7.‘> , 'rnutc dc ('■hinur, IS.80, 11. ,897. S(“e also 2s orcl- 
stroni, Hrr., 1S79, 12, 1728. ’’ Ki'rstini, Ann. Hfn/s. dhrm., 1889, [ii.j, 46, 26;). 

.Moles and Pina de IviibK'.-^, AnuL Hin. (Juiui., 191.8, ii, 7,8. 

" Pritseh, Zritnrh. ]jh pnirjl. ('hem., 191 S, 104, ;79. 

^ Gassintinn, ibid., ]917, 100, 1S2. 
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healthy teeth contain about 0-056 per cent, of selenium and the element 
is present to practically the same extent even in diseased teeth. r\Iost 
vegetables, and especially spinach, contain traces of selenium, while 
urine contains 0-0011 per cent, of selenium in the male and 0-00009 
]3er cent, in the female person. 

Extraction. — (1) From Pyrites. — In the oxidation of the pyrites 
(or otlier sulphur mineral) for the formation of sulphur dioxide in the 
manufacture of sulphuric acid, foreign elements like arsenic and 
selenium also undergo oxidation and pass off as vapours vdtli the 
sulphur dioxide. The selenium dioxide produced in this manner tlien 
suffers more or less complete reduction by the sulphur dioxide, ^Yhen 
finely divided selenium separates, mainly in tlie lead chambers, as a 
red, amorphous powder, accompanied possibly by some of tiie greyisli- 
black form : a portion of the dioxide is also found in the Glover tower 
acid. The amount of selenium in the chamber mud “ depends, of 
course, on the nature of the pyrites ; relatively large quantities of 
compounds of arsenic, zinc, tin, lead, iron, copper or mercury are 
always present, arising almost entirely from impurities in the pyrites. 

In the smelting of copper ores some selenium is found in the due 
dust ; the amount may be as much as 12 per cent., whilst some passes 
into the anode slimes of the electrol\1:ic refineries. 

The method of extraction and purification of the selenium from such 
mixtures has to be adapted to suit each individual case and the pro- 
cess is therefore frequently lengthy. Generally speaking, most of the 
methods involve oxidation of the selenium in the mixture to selenious 
acid, and precipitation of the element from the latter compound by treat- 
ment with sulphur dioxide. With powerful oxidising agents, selenic acid 
is produced, and this compound must be reduced to selenious acid, gener- 
ally by boiling with hydrochloric acid, before passing sulphur dioxide.^ 

The process first employed on a large scale consisted in steeping 
coke or joumice in the washed sludge and after drying, igniting in a 
currciT of air at such a temperature that the selenium burned to the 
dioxide without any distilling over unburnt. The sublimate of 
selenium dioxide was dissoh'ed in water and the element precipitated 
by treatment with sulphur dioxide. The method, however, was too 
wasteful, not more than TO per cent, of the selenium being recoverable. 
Various oxidising agents have therefore been employed, for example, 
nitric acid, aqua regia.- a mixture of alkali carbonate and nitrate (with 
fusion),'^ potassium or sodium chlorate, potassium permanganate.'^ and 
more recently sodium dichromate, manganese dioxide and concentrated 
sulphuric acid,^ and sulphur trioxide in the form of oleum. ^ 

When chlorate or ])ermanganate is used the sludge is first treated with 
water and dilute sulphuric acid, the oxidising agent then being added 
slowlv and in small quantities (to avoid risk of explosion) until the 
suspended matter is wholly greyish-white : 

oSe-rbHoSO, r-lKMnOi:=2KoSOiq-lMnSO,-f5H,Se03-Hp. 

^ See, for example, Dennis and Koller, J. Amcr. Chcui. Soc., 191'), 41 , 949. 

■- Berzelius, Traiie de Chimic, iS30, il., 39S. 

^ Wohler, Annalcn, 1859, 109 , 375 ; cf. Dennis and Koller, /or. c>i. 

' Koch, Ornncni Fa0.:id, 167457 (1906). 

Garnak, J. Chein. Ivd. Moscow, 1928, 5> 1-124. 
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ITvdrochloric acid is next added, and, after ten minutes, warm water in 
considerable quantity. If necessary a little bisulphite may be added 
to remove any excess of permanganate. After cooling and allowing all 
suspended matter to settle tiiorouglily, the clear liquid is syphoned oh 
and the selenium precipitated by blowing suljdmr dioxide tlirough for 
four hours. The selenium is then removed, wa'shed and dried. 

The use of sodium chlorate possesses certain advantages ; it is 
cheaper than permanganate and a better yield of selenium is obtained, 
90 to 95 per cent, being usual : with permanganate tlic yield is SO to 
cS5 per cent., some of the selenium remaining in the solution as selenic 
acid, which is not directly reduced by the sulphur dioxide.^ 

The use of oleum is still more satisfactory, and although the ^deld of 
selenium (85 per cent.) is not so high as in the chlorate process, oleum is 
the cheapest oxidising agent, and no sclcnic acid is produced. The 
sludge is warmed with oleum containing 20 per cent. SO 3 , oxidation 
proceeding according to the equation : 

Se— 2 S 03 =Se 02 A 2 SO 0 . 

The reaction is reversible under the conditions obtaining, but the oxida- 
tion may be completed in the presence of excess of sul]diur trioxidc, 
the expelled sulphur dioxide being led away and a little oleum contain- 
ing SO per cent. SO 3 added. Alter cooling, very dilute sulphuric acid 
(about 1 per cent.) is added, the solution allowed to settle for 24 hours, 
and finally filtered. The selenium is then precipitated with sulphur 
dioxide in the usual manner. 

The sludge which, separates from the o.xidation process contains 
sulphates of lead and calcium, and forms a source of the former metal, 
which is often an important liy-product from the selenium extraction. 

A further method of extraction of the selenium from the mud ’’ is 
based on the solubility of the clement in solutions of potassium cyanide, 
forming selenocyanide. The solution deposits selenium when acidified, 
and any sulphur is retained in solution as thiocyanic a,cid.“ Treatment 
with a solution of an alkali hydroxide, or fusion with sodium carbonate 
(the latter more especially for the e.xtraction of selenium from the dust 
of the flues between the ])yrites burners and the Glo\'cr tower), has 
also been applied, the mass being extracted with water in the latter case. 
The resulting aqueous solutions deposit selenium on atmos])iicric oxida- 
tion. whilst any extracted sulphur passes mainly to thiosulphate.^ 

Chlorine also converts the selenium and sulphur of dried '' chamber 
mud '' into the volatile chlorides, from which, the selenium can be 
liberated by decomposition wdth water followed by reduction with an 
alkali sulphite.'^ 

The presence of much selenium in the Glover tower acid imparts a 
red colour to the liquid. The element can be separated by ciilution 
followed by treatment with sulpliur dio.xide.’^ 

A method applied to dried anode slimes ^ consists in heating first 
with concentrated sulphuric acid to convert metals ])resent to sulphates, 

Dyson, loc. CAt. 

- Petterson, Bfr., 1873, 6 , 1466; XiLson, ibid., 1874, 7 , 1719 ; Shimosc, CJkah. A 
1884, 49 , 26. 

^ Berzelius, Ann. PJiys. Cheui.., 1826, [ii.], 8 , 423. 

Bose, djid., 1S2S, 14 , 471. Personne, BvJl. Soc, chini., 1872, [li.], 18 , 1/3. 

c German Patent, 426669 (1925). 
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and then an alkali hydrogen sulphate, wlieii selenium distik over 
a])ovc TOO ■ C. 

(2) Frohi ihr Mtiallic Srieiiides . — With tliese sifostanecs. tlie eifeji' 
oi whic'li is 'oz/’g/he or lead-eo})per selenide. tlie usual prinuuy orocc'.s is 
again one of oxidation. It a powerful oxidising agent sueii as aoua reuia 
is used, selenic aeid is formed. After removal of excess of tlie oxidising 
acid by e\'aporation, and liltering off the separatedi lead ('lilorido. tiie 
selenic acid is reduced to selenious acid by boiling witli iiydrocliioric 
acid, and the selenium then precipitated by sulpliur dioxide.* 

Fiirificatioii . — The most usual impurities in tlie crude selenium are 
lead and calcium sulphates, tellurium and sulpliur. Tlie most satis- 
factory method of purification is distillation, tiie temperature being 
gradually raised to about 900" C. Water and any free sulpliuric aeid 
escape hrst, whilst other impurities are left in tlie still. Tlie latter slioiild 
be made of cast iron containing 5 to 6 per cent, of silicon, tliougli fused 
quartz may be employed.- The receiver is kept at about 000" C. so 
tliat the selenium is collected in the molten condition and can bo cast 
into ingots. Some of tlie element remains in tlie residue and cannot be 
distilled even at 1000" C. ; this is particularly tlic case wlieu calcium 
sul])liatc is the main impurity, and other methods of extraction have tlien 
to be used. 

Purification may also be effected by oxidation to selenious acid, 
e.i^. by licatiiig with dilute nitric acid. On evaporation the solid 
selenium dioxide may be obtained, and this can be purified by repeated 
sublimation i n a current of dust-free dry air.^ It may tlicn lie redissolved 
in water, the solution acidified with hydrochloric acid, and the selenium 
]:>recipitated by ]iassing in sulphur dioxide.'" For further iiuriiieation 
the element can he sublimed in a current of carbon dioxide, and after 
heating for some time at 100" C. to convert it into tlie crystalline 
condition, it may be lieated with carbon disulphide to extract any 
traces of residual sulphur. 

The purified selenium of commerce is usually about 99-5 per cent, 
pure ; it may contain a trace of iron and sulphur but is usually free 
from tellurium. 

The Allotropy of Selenium. 

The analogy of selenium with sulphur is observable in the occurrence 
of allotropy, altliougli no rigid relationship can be traced between tlie 
various forms of the two elements. 

Gaseous Dissociation.^ As with sulphur, determinations of the 
va] 30 ur density of selenium give indications of alteration in tlie mole- 
cular condition, the values u}) to 900" C. suggesting a mixture mainly of 
Se (3 and Se.> molecules ; below 550'" C. tliere may be a small proportion 
of Scg molecules 'present, whilst at temperatures above 000' C. it is 
possible that a few monatomic molecules are formed, but tiie vapour is 
then almost entirely comjiosed of Sco molecules.'^ 

^ Biliaiidot, K iicydopali'-. chimique, 1SS3, 5, 19S. " Dy^oii, Joe. cit. 

^ Marc, 1900,48, 393; Tlirelfall, Proc. 1907, A], 79,^167. 

" Husot, Ami. Chiin. Plnji., 1900, [vii.l, 21, 3-i ; Divers and Sldmosc, Cht/n. P cics, 

isso, si^dgo. 

^ Preiiner and Brockmoller, Zcitsch. pliysil'ul. Chem., 1912, 81, 129 ; von A\ artenberg, 
Zelfsch. aiiorq. Chon., 1907, 56, 320 ; Biltz, Ztitsch. physihal. Chtm., 1896, 19, 3S;> ; Szar- 
vasj^ Ber., 1897, 30, 1244 ; Devilie and Troost, Ann. Chlni. Fhus., 1800, [id.], 58z 25/; 
Cornpit. rend., 1863, 56, S91 ; \dmbel, Ann. Chun. Phys., 1860, [id.], 5^? 

VOL. VII. : II. 19 
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Molecular Complexity in Solution. — This also is variable, de- 
pending on temperature and concentration as well as on the nature of 
the solvent. There is, however, a much greater tendency for tlie larger 
molecule to dissociate than is tlie case with sulphur. When dissolved 
iji molten iodine, with which clement selenium does not combine, 
cryoscopic measurements indicate the presence of diatomic molecules, 
Sc'o, if the concentration of the solution is over 5 per cent., but in more 
dilute solutions these molecules undergo partial dissociation into the 
monatomic condition ^ (see p. 805 ). In molten mercuric chloride selenium 
ranges from the octa-atomic condition to the tetra-atomic condition in 
dilute solutio]! ; sulphur under similar conditions appears uniformly 
oeta-atomic. Li sulphur chloride selenium is apparently monatomic.- 
In p;^nosulpluiric acid, metalloidal selenium dissolves as Sco, but the 
‘‘ metallic ” form (see the following) dissolves as Se.'^ 

In organic solvents dissolved selenium is generally in the form of 
more complex molecules. In concentrated solutions using, for example, 
diphenyl or antliraquinone as solvent, the molecular weight of selenium 
is represented by Scg (yellow phos])horus as solvent gives a similar 
result), whilst in methylene iodide the molecular condition is stated to 
be represented by Sciq- On dilution of tlmsc solutions the selenium 
undergoes disruption into smaller molecules.^ 

Solid Ailotropes. — Both amorphous and crystalline varieties of 
selenium occur. Amorphous selenium is best known as the ‘‘ vitreous ” 
and the finely di^dded brick-red forms, which are frequently described 
as two distinct ailotropes ; tlicy are, however, identical. The crystalline 
ailotropes include several monoclinic varieties, red to brown in colour, 
as well as the so-called metallic “ selenium. 

Avwr'plious Seleidum, — (1) Vitreous Selenium. — When molten selen- 
ium is cooled in not too protracted a manner, no definite solidification 
or crystallisation ensues, but the mass gradually hardens and the pro- 
duct really represents a strongly undcrcooled liquid like glass. Vitreous 
selenium is a brittle reddish-brown substance, exhibiting a conchoidal 
fracture. When finely powdered and viewed in thin layers it has a 
deep red colour. This form has an average density of 4*28 U Ihc value 
varies slightly, possibly owing to the presence of other allotropic modi- 
fications of the element. 

On heating, a gradual softening commences at about 50^ C. and the 
mass slowly changes into a viscous liquid at I5U C., which becomes 
distinctly mobile at 250"" C. When allowed to cool these changes occur in 
the reverse order until the solid amorphous variety is again reached. 
If the cooling is very slow some of the “ metallic modification may be 
formed. The relation of the vitreous form to the metallic form is 
one of rnonotropy, as at all temperatures up to its melting-point the 
latter is the more stable form ; this would be expected from the fact 
that the amorphous form merely represents the molten substance 

^ Olivari, Aiii R. Accad. Lincei, 1908, [v.], 17, ii., 3S9 ; 1909, [v.], 18, i., 463 ; 18, ii., 94, 
264; 1912, [v.], 21, i., 718; Pellini, ibid., 1009, [v.], 18, i., 463; Beckmann and Faust, 
ZdiscJi. aiiorg. Chtra., 1913, 84, 103. 

- Beckmann and Geib, ibid., 1906, 51, 96. 

^ Auerbach, Zeitsch. physihiL Che-yn., 1926, 121, 337. 

* Beckmann, ibid., 1897, 22, 609 ; Beckmann and Hanslian, Zeiisch. ariorg. Chew,., 1912, 
80, 221 ; Sitzungsber. K.Akad. Wiss. Berlin, 1913, p. SS6. 

^ Cholodnv, J. Russ. Rhys. Chew.. Soc., 1906, 38, 127 ; 

Chew.., 1891, 8, 612. 


Petersen, Zeiisch.. 'physikal. 
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in which crystallisation has not occurred altlioiioli tlic normal freezing- 
point has been passed. At the ordinary tem]X‘ratiire the rate of 
transformation is so slow that vitreous selenium rnav he j>reserved 
indefinite! yd 

(2) Brick-rcd Amor'pliou^ Seloiium . — ^^Vlien selenium is larodnecd ])y 
the reduction of selenious acid with sulphurous acid, glucose or otlier 
reducing agent, it is obtained as a brick-red pov/der. Tliis product is 
identical with the vitreous form when tlie latter is in a line state of 
division. Its beh ardour on heating is the same, and if the pasty mass 
obtained at 50° C. is cooled, the more massive vitreous rnodilication 
results. It has been suggested that the name liayaid selenium 
should be used to denote these forms of amorphous selenium having no 
definite melting-point.- Transformation to tlie vitreous form 2:5iay also 
be effected ^ by subjecting tlie red ])rccipitated element to high eom]UTS- 
sion, for example to 10,000 kgms./cm.-. On account of the sinallness 
of its particles the brick-red form of amorplious selenium is more 
reactive than the more massive form, although for full use to he made 
of this advantage it is obvious tliat the tem])eraturc sliould not be raised 
sufficiently either to cause caking or conversion into tlie ‘’metallic'’ 
form. 

Both of the foregoing varieties of amorphous selenium are somewhat 
soluble in carbon disulphide, but selenium chloride, carbon diselenide 
and methylene iodide are better solvents.' On account of its liner 
state of division the red form a] 2 pears more soluble. Discordant 
results are easily obtained with such solutions because of the tendency 
to change, especially on warming, into the less soluble crystalline variety 
— generally the monoclinic form. 

The brick-red variety dissolves in concentrated sulphuric acid to 
give a green solution containing a polymeric form of selenium sulphoxide, 
SeSOg. This slowh^ decomposes according to the equation 

SeSOs-fHoO-Se-hll.SO,. 

yielding ^ a brozvn aUotro 2 )e which is only very sparingly soluble in carbon 
disulphide. On exposure to sunlight this is slowly coru'erted into an 
amorphous black varietij. This black selenium is also produced in small 
quantity when the reduction of selenious acid with suI]fiiurous acid is 
effected at 100° C.^ The brick-red amorphous form, when exposed to 
light during seven months, undergoes change and forms shfij amorphous 
leaflets, devoid of lustre.”^ 

' Crystalline Varieties. — (1) Monoclinic Selenium is obtained when a 
carbon disulphide solution of amorphous selenium is allowed to crystallise, 
for example by evaporation ^ or by keeping red amorphous or Autreous 
selenium in contact with carbon disulphide. In the latter case the 

1 Draper and Moss, CJiem. Neivs, 1876, 33, 1 ; Lc Ch&telieT, Co nipt, rend., 1899, 129, 
282. 

“ Saunders, J. Physical Cliem., 1000, 4, 423. 

^ von Sclirott, Pitzungsber, K. Ahad. II TI ien, 1906, 115? 1031 ; Physihah Zeitsck., 
1907, 8, 42. 

^ Rathke, Annalen, 1869, 152, 181 ; J. yraht. Chern., 1S69, 108, 235, 321 ; Retgers, 
Zeitsch. anorg. CJiem.., 1893, 3, 343 ; Mitscherlicb, Ann. Clibn. Phys., ISbC, [iii.], 46, 301. 

^ de Coninck, Coni'pt. rend., 1906, 143, 682. 

f'’ de Coninck and Chauvenet, Ball. Acad. roy. Belg., 1906, p. 51. 
de Coninck and Ra^maud, ibid., 1908, p. 57. 

8 Mitscherlich, Rer. Berlin Ahid., 1855, p. 409; Zclisch. jPiysihal. Chem., 

1891, 8, 613 ; Muthinann, Zeitsch. Kryst. hliti.. 1890, 17, 354. 
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relatively unstable amorphous form is the more soluble, so that a 
gradual separation of the more stable crystalline form ensues. ^ 

Several varieties of monoclinic selenium are obtainable in this wa\^: 
reddish -bi’own leaflets, more dcejdy coloured granules, or stout ]3risms 
of still dec]3er colouring.- 

Tu'onoclinic selenium has a density of 4*44 ^ at 0^ C. It is only 
sparingly solul^le in carbon disulphide, giving a red solution. When 
heated rapidly it melts at 170'' to ISO'' C., but transformation into 
‘‘ metallic ” selenium commences to occur slowly near 120'' The 

liquid obtained by rapid heating passes into the vitreous condition when 
cooled. 

(2) Grey Crystalline Selenium, Metallic'' Selenium. — This, being the 
most stable modification of selenium, is obtained by transformation of 
the preceding forms, but at ordinary temperatures the rate of change 
is negligibly slow.^ Thus amorphous selenium exhibits a very slow 
transformation at temperatures up to 90^ C., but between this and 
2L7^ C. the change is much more ra])id and the temperature may rise 
very considerably on account of the heat liberated. The red crystalline 
form also gradually undergoes conversion into the “ metallic ” form at 
temperatures just over 120° C.^ From the foregoing considerations it 
will be clear that molten selenium below the melting-point of the 
“ metallic form will slowly tend to change into this form and at 180° C. 
the molten element soon changes to a semi- crystalline mass. 

This form of selenium can also be produced from amorphous selenium 
by heating with quinoline, pyridine, aniline or other basic organic 
solvent,” and also by sublimation. In this latter case the sublimate 
also contains the amorphous form.^ Atmospheric oxidation of solutions 
of alkali selenides gives this variety of selenium as a granular deposit.^ 
When produced by these last three methods, leafy crystals may be 
obtained, and Muthmann (1890) discovered that crystals which he 
obtained by the sublimation method were of the trigonal (rhombohedral) 
system and isomorphous with those of tellurium. 

The product from slowly cooled molten selenium is almost black, 
with a leaden grey surface. It exhibits a fine-grained fracture. It is, 
however, identical with the foregoing crystals except in its state of 
aggregation. Both varieties have a density of 4-78 at 0° C. This 
leaden modification of the element gives a black powder, although 
when in a very fine state of division a red tint is perceptible. It melts at 
217° C. If rapidly cooled from temperatures above its melting-point, 
vitreous selenium is obtained. The black form has a speciQc heat of 
0-084 and is only sparingly soluble in carbon disulphide. It is soluble 

^ Saunders, J. Physical Cherii., 1900, 4, 423. 

- Mutlimann, loc. cit. 

^ Cholodny, J. Russ. Fhys. Chem. Soc., 1906, 38, 127. Coste {Goinjpt. rend., 1909, 149, 
674) gives 4*455. 

^ Saunders, loc. cit. 

^ Hittorf, Ann. Phys. Gliern., 1851, [ii.], 84, 214; Regnault, Ann. Glivm,. Phys., 1856, 
[iii.], 46, 257 ; Rammelsberg, Per., 1874, 7, 669 ; Fabre, 'Corn/pt. rend., 1886, 103, 53. See 
also Ratlike, J. praM. Gheni., 1869, 108, 235, 321. 

See Coste, Gornpt. rend., 1909, 149, 674 ; 1905, 141, 715. 

Saunders, loc. cit. 

^ See Borntraager, Dingl. poly. J., 1881, 242, 55. 

^ See Froebel, Ann. Phys. Ghern., 1840, [li.], 49, 590 ; also Fabre, Ann. Ghini. Phys., 
1SS7, [vi.], 10, 472. 

See Draper and Moss, Ghern. Reics, 1876, 33, 1. 
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ill selenium monochloride, yielding the grey cryblaliine \'ariety on 
crystallisation.^ 

A violet-grci/ crystalluic rarietij is obtained by melting vitreous 
selenium at 200° C. and cooling rapidly under pressure. Tlie slender 
crystals are very sensitive photo-electrically, but are very unstable. - 

Colioidal Selenium. 

Selenium is readily obtained in the form oi a colloidal solution, red 
by rcllected light and blue by transmitted ligiit. Such solutions were 
first obtained by Schulze ^ by the reduction oi selenium ilioxide in 
dilute aqueous solution by means of the requisite quantity oi suhoiiur 
dioxide : 

Se02vr2lIoO-|-2S02-Se~2H2SO^. 

Witli more concentrated solutions some selenium was also precipitated, 
which, however, on dilution dissolved in the hydrosoL 

When superheated selenium vapour is passed into air-free water, 
colloidal solutions are formed which are usually rose-coloured, but at 
frst of a blue tint and cloudy. Under the most favourable conditions 
clear yellowish-red or deep red sols may be obtained,^ the former being 
the more highly dispersed. The blue sols after dialysis are extremely 
stable, but non-dialysed sols decompose after a few days, selenious acid 
being detected except in the yellowish-red sols. The dialysed sols may 
be frozen to an almost colourless ice which at the ordinary temperature 
thaws and decomposes. The sols are negative and are readily coagulated 
by the addition of chlorides. 

Caoutchouc mixed and warmed with fncly divided black amorpiious 
selenium assumes the dark red colour of colloidal selenium. This is 
the frst observed case of the direct reduction of an clement to tlie 
colloidal condition b}' intimate contact with a colloid.^ Tiie ciTeet: is 
probably due in large measure to stresses produced and heat generated 
during the mechanical working of the mixture, dlie presence ot 
another colloidal substance such as albumen, gum arabic or tlic sociium 
salt of protalbic acid, renders the colloidal selenium more stable, so 
that it may even be separated in a solid state without losing its power 
of again yielding a colloidal solution on the addition ot water. 

VVhen warmed with neutral organic substances selenium frequently 
passes into colloidal solution and remains in this condition even after 
solidifeation of the solvent. Even wlien tlie solid suspension in 
anthracene or phthalie acid is melted the selenium does not pass into 
the grey crystalline condition although the points of fusion of these 
solvents are" higher than the transformation temperature. ^ The liigher 
the temperature reached in the preparation of these soluiions and tne 
slower the cooling the smaller are the selenium particles.' 

Selenium prepared by the reduction of selenious acid witli sodium or 
ammonium hydrogen sulphite torms colloidal solutions, that precipitated 

^ ilathko, An/ude/i, IS( 50 , 152, ISi. 

“ AjicoI, Bull. Soc. cJiDH., 1915, [iv.], 17 , 1^^- 
^ jSchLiilzc, J. Chan., I 880 , [2J, 32 , 39(''. 

^ Gutbicr and Kohler, Ztllych. cinort/. Chan., I'jrO, 155 , 199. 

•' Dnrnar, Chan. Z(.nlr., 1905, li., 741. 

" I'aai and Kocii, Bcr., 1905, 3^5 52(). 

‘ rocheitino, Aili li. Accad. Lined, 1911, [v.J, 20 , i., 428. 
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by means of the former salt passing more easily into solution tlian 
that precipitated by the ammonium salt. Reduction with sodium liydro- 
sulphite produces reversible and stable sols so long as the relationship 
iSeOo : 2 to *2-8Xa2So0.i is not exceeded in the reduction. ^ 

Very stable colloidal solutions of selenium may be prepared by the 
regulated action of concentrated hydrazine hydrate solution on selenium 
dioxide or grey crystalline selenium and subsequent dilution of the 
solutions with water and puriheation by dialysis. According to the 
degree of dis])crsion the colour of the solutions varies from intense yellow 
to blood red. These sols are completely irreversible. The dilute 
solutions are stable at tlie boiling-point, but are readily coagulated by 
barium sulphate. Sodium and potassium carbonates appear to increase 
the stability of the system. 

Colloidal selenium produced by means of hydrazine hydrate can be 
frozen to a blue ice which melts with complete coagulation, but the 
})rescncc in the solution of hydrogen chloride, sodium carbonate or 
potassium chloride, exerts a protective action which is a maximum 
at certain definite concentrations.- 

If an aqueous solution containing equimolecular quantities of 
selenium dioxide and dextrose is evaporated on a water-bath to a 
syrupy consistency and concentrated ammonia is then added, drop by 
drop, care being taken that the solution remains syrupy, then after 
cooling and mixing with water, reddish-brown sols of colloidal selenium 
are obtained. The stability of these sols is increased b}^ the presence 
of a slight excess of dextrose. They are stable on boiling. If there is 
no excess of dextrose present then on freezing the sols are conqdetely 
and irreversibly coagulated. Tlic sols are also sensitive to electrolytes.^ 
Stable selenium sols may be obtained by the reducing action of 
(piadrivalent titanium. If a solution of titanium trichloride (1*5 per 
cent. ) is boiled for some time, hydrolysis and oxidation oecur ; on addition 
of this solution to one of selenium dioxide (02 per cent.) reduetion to 
selenium occurs and any unchanged titanic acid, 14(014),^, remains in 
colloidal solution and exerts a protecti\'e action.'" 

By the action of dilute sulphuric acid on sodium sclenosulpliate 
according to the equation 

Xha.SeS 03 VHoSO.i-Se-SOo+Xa,SO,,i-hIRO, 

])ai tides of colloidal selenium are obtained wliieh are positively cliarged. 
Tlie colloidal selenium produced by tiie solution of selenium in hydrazine 
hydrate is Jicgatiyely charged.^ 

The electrical ractiiod, commonly applied to the ])reparation of 
colloidal metals, can also be extended to selenium. When an electric 
discharge is inade to pass under ]uire water between a jdatinum anode 
and a cathode prepared by fusing a small piece of selenium on to 
phitiimm foil, colloidal selenium is slowly formed. AVhen a dilute 
solution of selenious anhydride is electrolysed using platinum electrodes, 
a colloidal solution of selenium and a black cathoclic deposit of selenium 

^ Gutbier and Heinrich, Koll. C}u:)n, IJ( IJcrJlc, 1913, 4 , 411. 

- Sec Gntbicr and Enislandcr, Bcr., 1931, 54 , [ii], 1974. 

^ (Uitbior, Kotloid-Zi iL'ich., 933, 33 , 334, 

' Gutbicr, (dltenst.cin and Los.scn, Zclt^ch. coiorg. 1937, 162 , lOl. 
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arc formed.^ According to Gutbier and Weise,^ wlien dilute aqueous 
selenium dioxide is electrolysed between platinum poles (in the presence 
of a trace of alkali) with a tension of 220 ^'olts, a moderate evolution 
of a gas whicii does not contain hydrogen selenide is first observed. 
As soon as the solution attains its boiling-point the formation of colloidai 
selenium commences and the solution becomes consecutively yellow, 
yellowish-red, red, bluish-red and finally blue. Selenium is not deposited 
in an irreversible form until the last stage is reached provided tliat tlie 
original solution is not too concentrated. The red solutions invariably 
show a tendency to become bluish-red wlien cooled, a sign of incipient 
coagulation. They can only be olitained in a moderately stable con- 
dition if dialysed while still hot and tlicn immediately diluted with pure 
water or witli a solution of a protective colloid such as gum arable. 

Selenium bromide, ScoBr.^, decomposes in contact witli water 
according to the equation 

2ScoBro-l-2HoO-:3Se-f SeOo-T-4HBr ; 

a small pro]')ortion of the selenium passes into solution, but tiic greater 
])art is precipitated. Selenium tetrabromidc dissolves in water, but 
much more readily in hydrobromic acid, and on dilation of t'ne acid 
solution colloidal selenium is formed, which may be puriiied by dialysis.^ 

Effect of Freezing on Colloidal Selenliun . — ^The coagulation of 
selenium sols is greatly accelerated by freezing. It has been sliowii 
tliat the destruction produced by freezing is greater the more completely 
the solutions liave been purified by dialysis. The nature of the reducing 
agent employed in the preparation of the sols and the temperature of 
the ])reparation also have a great iniluence on the stability towards 
freezing. The more concentrated sols are more readily destroyed than 
tlie more dilute sols, but even with the latter it is found that on keeping 
the sol in the frozen state for some time a: non-homogeneity is pro- 
duced and a red ring of precipiteded selenium formed at tiie top and 
bottom ol‘ tile frozen mass. 

A\dt]i selenium sols prepared by means of liydrazine livdrate at tlie 
ordinary temperature, by pouring into a large A'olume of water it lias 
been shown that the stability of tlie colloid de[)cnds mainly on the 
degree of dispersion. An optimum concentration oi electrolyte is 
necessary for the stability of the hydrosols. In tlie absence of electro- 
hdes the system is quite unstable towards freezing. 

Tile sodium salts of protalbic and lysalbic acids exert a protective 
action on selenium sols." Saponin also exerts a ])rotectivc action on 
sols prepared by the reduction of selenious acid with liydrazine hydrate. 
The protected sols after dialysis may be prescLV'ed for long periods ; 
although they have the tendency to settle into tvm layers, they may 
readily be made homogeneous again by simply shaking. Sols prepared 
in this way are relatiwty stable towards concentration either by freezing 
or warming.^ A chloroform extract of the seeds ofc planfago p^pllluni 
renders seienium sols prepared by reduction with hydrazine hydrate 

^ rocliollino, Attl R. Accrul. Lined, L.Hj'J, [v.j, i8, ii., O-tt. 

- Gutbier and Weise, Ber., 1919, 52, [BJ, 1374. 

Gutbier and Engeroll, Ko/loid-Zeifsch., 1914, 15, 19.4, 210. 

Gutbier and Emslandcr, ibid., 1922, 30, 97 ; Gutbier and idury, ibid., 1921, 29, 

161 . 

^ Gutbier and Rliein, ibid., 1923, 33, 35. 
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very stable. Evaporation of sudi stabilised colloidal solutions gives 
reversible residues containing up to 65 per cent, of selenium. ^ 

The rate of ilocculation of selenium sols by solutions of potassium 
or barium cliloride of various concentrations at temperatures between 
la*" and 20° C. has been determined.- Results sliow that a very high 
concentration of these electrolytes is necessary for rapid docculation. 
Smoluchowslvi's theory holds when the velocity of Ilocculation is not 
far removed from that obtaining when the colloidal particles are totally 
discharged. The results, liowcver, deviate largely froJii tliis tlicory 
when the concentrations of the electrolytes are lower.^ 

General Physical Properties of Selenium. 

Selenium boils at about 690° C.d forming a vapour the colour of 
which is intermediate between that of chlorine and that of sulphur. 
The clement can be sublimed and distilled at a much lower tempera- 
ture under very low pressure.^ When selenium is heated on charcoal 
the vapour has an odour resembling that of rotten radishes ; this has 
been attributed to the formation of a small (piantity of selenium sub- 
oxide, but it is more probably due to the formation of carbon diselenidc.^ 
The tliermal conductivity of selenium dc]3ends upon tlie allotropic 
form, its age, and the temperature. As might be expected the value 
for the grey metallic form is greater than that for the vitreous modi- 
iication : thus at 25° C. the thermal conductivity of the j'ornier varies 
between ObOOTO and 0*()0183, wljilst that of the latter lies bcLwecn 
0-()0()293 and ()-0()0328. The values generally ijicreasc with rise in tlic 
tem perature or])rc])aration of the sample, and with exposure of the sanijde 
to ligiit ; on the other hand, the conductivity diminishes v'itli age.” 

The mean specihe heats of the various forms are gi\xn in the i'ollow- 
ing table : ® 


Allotropic Ponn. 

Temperature 
Itange, ^ C. 

1 

hlean Snecdiic ; 

}!(dt. 

Vitreous . 

15-100 

(MOO 

Red crystalline 

15— 75 

0-082 

Metallic . 

1 5- 7 5 

0-078 

,5 . . . 

15-217 

1 0-081 

Liquid 

217-300 

! 0-118 1 


The heat of transformation of vitreous selenium to tlic 'vmetallic 

1 Gutbicr, Huber and Eekert, Kolloid-Zeit-sch., 1923, 32 , 255. 

- Kruyt and van Arkel, ibid., 1923, 32 , 29. 

2 The adsorption of crystal-violet on colloidal selcniuin has been studied bv \ an der 

Grintcn, J. Cfiua. 1926, 23 , 209. 

1 ^litscherlicb, Ann. Chun. Fhys., 1S56, [hi.], 46 , 301 ; Canieiley and 5\hlliains, 67/ c///. 
Ap/;.s-, 1879, 39 , 286 ; Troost, Cornpf. rend., 1882, 94 , 1508 ; Le Chateliei', ibid., 1895, 121 , 
32;) ; Berthclot, ibid., 1902, 134 , 705. 

" Kraitt and others, Ber., 1903, 36 , 169(i, 43M. PaLlikc, B<r., 1003, 36 , OOO. 

" 8 aycc, J. Froc. Boy. Soc. F.S. lUz/c-^-, 1917, 51 , 350 ; Lellati and Lussana,’oV/”erY/^/, 
1887, 17 , 391 ; Ber., 1888, 21 , 132. 

s Mondain-Monval, Cornpt. rend., 1926, 182 , 1-165: Bull. Soc. chirn., 1926 [iv 1 SO 

1349. ^ . L 
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form at ISO"" C. is 13-5 calorics per gram ; with rise in teiiirjerature tliis 
value increases until at tlie melting-point. 217' C.. it is icicntieal witii 
the latent lieat of fusion, namely, 16*-f calories per gram. Tlie heat of 
transformation cf the red crystalline variety to the " metallic form at 
150’ C. is 2-2 calories per gram.^ The heat of dissociation of diatomic 
selenium has been found by the optical metliod to be S-fh)()() gram- 
calories.- Tlie element is diamagnetic.^ 

The eJectrical.cojiducLlLitij of selenium is exceedingly small at ordinary 
temperatures and in the dark, but with rise in temperature or on 
exposure to liglit the resistance diminishes in a remarkable and unique 
manner. Tiie conductivity also depends on tlie allotropic form and its 
previous liistory ; the grey metallic form is the most sensitive to tliese 
changes, and on heating any other form the rate of transformation into 
the “ metallic variety considerably influences the actual \'alue of tlic 
conductivity. In general the electrical conductivity of selenium in- 
creases frst rapidly and then more slowly with rise in temperature 
up to the boiling-point, G00° C. On cooling, it decreases again at 
the same rate, but if the cooling is protracted, tlie conductivity of the 
resulting grey selenium is not constant for a given temperature, but 
can be diminislied at will by slight heating and re-cooling.-^ 

On exposure to light, the resistance of selenium immediately sinks 
to a value wliich is only a few thousandtlis of tiic value in the dark : 
even exposure for 0-001 sec, will produce a considerable effect.^ This 
phenomenon was frst obsein’ed by \VillougIiby Smitli ^ in 1873. Vvdicn 
the light is shut o-ti the resistance increases, somewliad slowly, becoming 
normal in a short time, liowever. Very feeble rays, sucli as tlie light 
from a star, can produce an appreciable effect on tlie resistance. All 
visible rays are effective, but the infuence is most intense in the case 
of the red, of wave-length about 700 /xu." Lftra-violet rays, iibntgen 
ra^-'s, cathode rays and rays from radioacti\'c substances act in the 
same way.'^ In tlic case of the last-named, the effect of the -/-rays is 
small compared with tliat of tlic /j-rays. Temperature has littic effect 
on the infuence of light, the sensitivity of the selenium only being I'e- 
duecd by 10 to 25 per cent, at tlie temperature of h([uid air.'- It is upon 
tliis action towards liglit tliat tlic extremely sensitive plioto-electrie 
selenium cell depends. Such cells arc employed in the construction 

" Xoiidam-^Ionval, loc. at. - Ko.sen, Zaisch. rity-jik, 43, GU. 

^ Carncllev, CJuuil. Nao>!, iS79, 40, 182. See also Ileaps, J. Opt. ^oc. Atticr., 15, 
190. 

rt'laboo, Cu)f!pt. rend., 1921, 173, 295, UGG. See abo Datta, r/nl. jJcig., 1920, [Gl, 
42, 4 02. 

Tiiirring, Zeitsch. tcclui. FlujdiL, 1922, 3 , US. 

See Smith, Mature., 1873, 7, 303 ; Iviay and Smiib, Btr., 1873, 6, 2u4 ; DlnnL pulp. 
J ., 1873, 207, 512 ; siitier. J. Sen., 1873, [iii.j, 5? ^01. 

" Amaduzzi, 11 stltmo (ilologna, 1904); Gudderi raid Poiil, Zcit^cJ-. IdtiJ'r'iL, 19_'.>, 30? 

243. " ^ 

^ Guillemiiiot. Coinpt. 'tend., 1913, 1575 Xidioboii, Phipan'd. Z>it:^ci'., l9l,^. ^4, 

1210, 1212 ; PeiTOt, Coinpt. rend.. 1899, 129, 95G : Eloc-k, ibid., 19()]. 132, 914. Sie ai.-o 
van Aube], ibid.. i9(f3, 136, 929, 1189; Giiitiihs, ibid., 1903, 137, 017 . Evl Ibgnu, Alii 
It. Aread. Lincei, !92G, [ vi.], 3, 20l ; idiillijis, Mdun, 1929, 123. G8l. 

Carpini, Alii It. A.eead. Lmcei, 19-05, [v.l, 14, h. GG7. ^ 

J*' 4'or tlu' (-ansi ruction of selenium ndis, see Siemens, Ami. Pips. C'hmn.. !8/.>, |ii.], 
156, 324 ; Bidueil, Jddl. J/m/., 1885, [v.J, 20, 178 : 1895, !\ 40, 122.4 : kruvMi, Plpmbd. 

Ztlisch., 1910, II, 481 ; Angel, Biill. Sue. chlnt., 1915, [iv.J. 17. I'J : hli-jidy, Sa. Ainy, 
1924, I, 25. See also Eourmer d’Albe, The Moou-elancnt (tisher t iiwin, Ltd., 192;)), 
pp. 38-45. 
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of the ] 3 hoto]hioiie, by means of which speech may be transmittec 
hy a beam of light. The first transmitter of this kind was made ii 
1880 by Graham Beil, the inventor of ordinary tele])hoiiy.i Anothei 
instrument, the optoplione, invented by Fournier cUAlbe,- makes i1 
possible for the blind to read ordinary books and newspapers by sound 

In order to explain this remarkable property of selenium man^ 
theories ha\'e been put forward,'^ most of which are now untenable 
and only two need be considered. 

It was first suggested by Siemens in 1875, and the liypothesis waj 
strongly supported by later investigations,'’' tliat crystalline scleniun 
exists in two forms '' A “ and B,’' A being a non-conductor anc 
B a good conductor of electricity. In the dark tlic equilibriun 
mixture consists almost entirely of “A ; the eo^uilibrium is displacec 
in tlie direction of B both by the action of heat and by exposun 
to light : 

Tlic isolation of the two modifications was described by Pelabon, bm 
was not confirmed by later investigation. The theory is discountec 
by tlie fact that at exceedingly low temperatures the action of lighi 
is only slightly diminished, whereas it would be expected that such i 
transformation would no longer proceed. 

However, Brieglel),^' from X-ray investigations, maintains that ii 
all the allotro})ic modiheations two such pscudo-conpioncnts do exist 
and tliat these may be separated in some degree by taking advantag( 
of the fact tliat altliough their absolute solubilities in carbon disulphid< 
arc ahiKjst identical, tlic rates at whicli they dissolA'e are diherent. B> 
spcclreseopic methods e\'idcnce has l^ecn obtained that tlie two form: 
exist in equilibrium in this solution and that tlie equilibrium varie 
witli tlic temperature. 

Adiat appears to be a more satisl'actory ex])lanation and one hirgeh 
favoured by physicists is that the phenomenon is an eilect of jnireb 
electronic cliaracter. The actual mechanism of the action is not ye 
completely understood, but the light ap])ears to cause ionisation at tie 
surface of tlic selenium, with immediate increase in conductivity.' Tin 
s])litting oh of electrons may be not only from the selenium atoms bu 
also from the incident stream. It has also been suggested that th' 

^ 8ec l\ankine, Nature, 192U, 104, G()4. - Eoui-njcr (TAlbe, loc. ci 

^ Zcilrcli. rkyuih, 1922, 8, Jj}, 1G3 ; PoLiriiicr crAlhcs ((jc. at., cJul]). ni. 

^ .Sieinoiis, A/iu. Ahys. CIuhl., ISTb, [li.J, 156, 381 ; 1870, 159, 117 ; 1877, Liii.], 2, 52J 
FlilL Mug., 1875, [iv.], 50, 410. 

13erii(it, rhyuika.L ZeiUrh., 1904, 5, 121, 289 ; 3kiarc, Bcr., liJOO, 39, 097 ; ZeilucI 
aiiorg. Clitrn., 1907, 53, 298; ioLl, 85, 05; Kruyt, ibid., 1909, 64, 305; Berger, 7/>y/ 
1914, 85, 75; Pelabon, Couipt. rtnd., 1921, 173, 1400; 1922, 174, 391. Sec also 8aL 
Froc. Jioy. Boc., 1873, 21, 283 ; Adams, ibid., 1875, 23, 535 ; 1870, 24, 103 ; 1877, 2\ 
513; Rosse, Pidl. Mug., 187-1, pv.], 47, 101; Pfund, ibid., 1904, jvi.], 7, 20; Hcseliu 
Pliydbd. ZcilerJi., 1900, 7, 103; J. Pu.'is. Pfi-y.'^. Chtm. >S'oc., 1884, 15, 125, 140; PochcttiiK 
Nuow Cuti., 1912, [vi.j,.4, 189. 

^ Brie^aleb, Natv.rwi.s-'i., 1929, 17, 51. 

' See kesclius, PhysibPi. Zcituch., 1900, 7, 103 ; von iScdirott, ibid., 1907, 8, 42 ; Pfum 
ibid., 1909, 10, 340; Ries, ibid., 1911, 12, 480, 522; Amaduzzi, tbtd., 1912, 13, 167 
Pouriiicr d'Albo, Pror.. Poy. Sue., 1913, 'Aj, 89,75 ; Aicholson, Phy^iiLal . Zcilsdc., 1913, I- 
1210; Cudden and Polil, ibid., 1921, 22, 529; 1925, 35, 243; 8path, Zcitdch. Physic 
1922, 8, 105 ; Nuiurwisd., 1922, 10, 14 ; Del Regno, Aili R. Accad-. Liu.cA, 1924, [v. 
33, ii. 103 ; Holmes, PJiys. Review, 1925, [ii.], 25, 250 ; Kasarnovskii, Trauis. Karjjov hu 
Chtui., 1925, Ao. 4, 93 ; Piersol, Ploys. Review, 1927, [ii.], 30, 004. 
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interatomic s})a(‘e occupied by the conductiiig electrons may be iucreabcd. 
The theory explains avIiv tlic recovery oi* the selenium is not iinniediate 
when tlic light is removed, and wliy alter exposure to the more deeply 
penetrating rays, sucli as tlie X-rays, the reeo\'ery is even slower. 

S'pcclnDn . — The emission,^ absorption- and iiuorescence ^ spectra 
have been investigated. According to dc Gramont,-^ selenium gh'es 
neither rates uUimes nor rales de grande senslullite. The most per- 
sistent lines of the emission s])eetrum are (in A ;, 1000*2. 20;30*T, 
2()G2*0, 473()-9, T739-1 and T742*:3,^ and Kiuiura Ims observed that non- 
luminous selenium vapour absorbs the lines 1900 and 20-,lr() A. The 
vapour, when excited by intense illumination from a epaartz-mercury 
arc, exhibits " at 325'' C. a lluoresecnee spectr-uin extending from 5079 
to 2229 A, apparently analogous to the ultra-violet ihiorescenee spectrum 
of iodine ; witli rise iu temperature this spectrum disappears and at 
430^ C. is replaced by one containing nine faint broad bauds extending 
from 4178 to 4829 A.^ 


Chemical Properties of Selenium. 

In its general clicmical behaviour, selenium occupies an intermetiiatc 
position with respect to siil})liur and tellurium. It combines directly 
with many elements, e.g. oxygen, hydrogen, lluorine, clilorinc. Imoininc 
and most metals.'^ Details of some of its compounds will be given later, 

^ Plucker and liittorf, Phil. Mag., tSdl, [iv.j, 28, ; Saler, Compt. nad., isTi, 73, 

7-4:2 ; Eder and Valcnta, Penkschriflt/L dtr kai-'ierlichcii Akad. lCfi',5. irh;;, 1893, 60, 307 ; 
dc Grainont, Co/npi. rc/id., 1895, 120, 778 ; Ecrndt, Pht/sik, 1903, [iv.], 12, 1115 ; 
Messersehniidt, Zciisch. icUs. PhoiocJtun., 1907, 5, 249 ; .McLennan and Young, Phil. Adag., 
1918, [vi.], 36, 450 ; .McLennan, McL;iyand .McLeod, ibid., 1927dvii.], 4, 480 ; Sawyer and 
Humphreys, Phije. lioci(.w, 1928, [ii.J, 32, 583. For high frequenyv emhsion spectra, see 
Siei£bahn and Friman, Ann. PhtjPik, 1910, [iv.], 49, Oil ; Bloch and Bloch, Coinpi. rend., 
192^,185,701. 

- van Assche, Cornpl. nnd., 1883, 97, 838 : Gernez, ibid., 1872, 74, 1190 : Lockycr and 
itobei'ts, Pruc. Poy. ISuc., 1875, 23, 344; \\ ood. Phd. Alan., 19(.i2, 3, 007 : 5Icier, A.nn. 
PInjsik, 1910, 31, 1017 ; Kocnigsberger and Kiipfercr, ibid., 1912, 37, OOl ; Ko.-en, Ztiiach. 
Phijsik, 1927, 43, 09. 

^ Stcubing, Plnjdikal. Zcit-^'ch., 1913, 14? 887; Dicstclmcier, ioid., 1913, 14, loOO ; 
ZeitscJi. 2 ciss. PJiotoi'hc.ni., 1915, 15, 18 ; ilosen, loc. cit. 
de Gramont, Coinpi. re ml., 1920, 171, HOG. 

^ International Critical Tables, 1929. 

Ivimura, Japan J. Phijn., 1927, 4, 81. 

‘ .McLennan, Walerstein and Grayson Smith, Phil. Alag., 1927, [vii.], 3, 39m^ 

s For the refractive indices of selenium, see Curhbertion and Metcalfe, Phil. 'Pm ns., 
1907, A, 207, 135 ; Dodd, J. Amer. Chew. Soc., 1920, 42, 1579. Also Becuuerel, Ann. Chirn. 
PhijL, i877, [v.], 12, 5 ; W'ood and Ffund, Phil. Mag., 1902, [v.], 3, 007 : Zoppellari, 
Gazzdia, 1894, 24, li., 340; Sirks, .-l/on Phys. Chun., 1871, [ii.], 143, 429; Kyropoulos, 
Zciisch. Physik, 1920, 40, 61S ; Xicol, J. Proc. Roy. Roc. X.R.W., 1920, 60, 60. For the 
ionisation potential of selenium vapour, see Udden, Phys. Review, 1921, 18, 385 ; Fiecardi, 
Atli R. Accad. Lincei, 1927, (vi.), 6, 305, 428. For light-positive and light-negative photo- 
phoresis in conrieetion with sulphur and selenium, see Parankiewicz, Ainn. Rhysik, 1918, 

[w-j. 57^ tS9. , , ^ 

y Berzelius, Refneeiggers J., 1S22, 34, 79 ; Orlowsky, Btr., 1881, 14, 2823 ; OoacU, J. 
■prakl. Chem., 1878, [ii.!, 18, 278 ; Fonzc;.-Diaeon, Gorng/i. rend., 1900, 130, 1314 (Al — 8c); 
hlaro-ottct, ibid., 1877, 84, 1293; 85, 1142; Bidwcli, Rhil. Mag.. 1895, [v.], 40, 
233 T Heyn and Bauer, Metalluryie, l!KtG, 3, 73 (Cii-Se) : Chretien, Cowpl. luid., 1900, 
I42,A339, 1412 (8b — Se); Friedrich and Leroiix, Melalliirgii , 1908, 5, odo (Cii-8e, 
Pb- 8e) ; Fellini, Alii R. Accad. Rincei, 1909, [v.]. 18, ii., 211 (Hg -8e) ; Biltz 
and Mecklenburu, ZeiPch. ano,q. Chem.. 1909, 64, 220 (811- 8c) ; Fedabon, Conipi. rend., 
1900, 142, 207 (8b-8e) ; 1907, 145,118 (Tl-8e) ; 1907, 144, 1159 (Fb-8e) ; .4/un 
Chilli. Rhys., 1909, [viii.], 17, 520; Cowpl. rend., 1911, 152, 1302; 153, 342 ; Ld4, 158, 
1009 (8b — 8c), 158, 1895 (811— 8e) ; Farravano, Gazzdtu, 1913, 43, i., 201 (Bi— Se); 
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whilst descriptions of others whli be found under the heading of the 
companion element in other volumes of this series. In the molten 
condition selenium is partially or completely miscible with many metals, 
e.g. antimony, lead, copper, bismuth, silver and gold, the fused m.ass 
constituting a mixture of the metallic selenide ancl the element present 
in excess. Antimony thus ^delds selenides of compositions SboScg 
and SbSe,^ bismuth similarly gives the selenides Bi 2 Se 3 and BiSe,- 
copper Jbrms cuprous selenide, CuoSe, and silver the selenide AgoSe. 
By completely fusing selenium with sodium in an atmosphere of hydro- 
gen the existence of a series of selenides Xa^Se, X'a 2 Seo, XaoScg, X’aoSe.j 
and X^a.>Se( 5 , analogous to the sulpliides and polysulpliides, has been 
shown. Selenium combines with sodium or potassium dissolved in 
liquid ammonia, producing the monosclenide NiaoSe or KoSc, or the 
tctraselenide or KoSc^, according to the relative proportions ol 

the two elements incsent.^ 

Selenium reduces hot aqueous solutions of silver or gold salts with 
tlie formation of silver selenide or metallic gold, respectively.'" In the 
case of silver salts tlie reaction corres])onds with tlie equation : ^ 

4AgX03-r3Se-f3H20-2Ag2Se-;-HoSe03+4lIX03. 

The element is unaffected by water, but in a tine state of di\’isioi] 
hydrogen peroxide oxidises it to selenic acid. Ozone in Une presence oi 
water gives a similar result." 

Selenium is soluble in sulphuric acid, forming a green solution which, 
in the case of the ” metaliic “ ibrm, proljably contains a cojiipound ol 
composition SO.jSc (p. 338), and in the case of tlie red amorj)hous 
\'ariety. a polynieric forjii of tiiis conq)ounc[.^ The presence oJ' seleniuin 
does not ahcct tlie electrical conductivity of sul})liuric acid. Ililute 
aqueous ])otassium hydroxide dissolves the red variety, producing n 
solution wliich ])rol)abiy contains polyselcnidcs ; in tlie presence ol 
sodium hydrosulphite, however, only sodium selenide, Xa^Se, is 
obtained/^ 

When seienium is heated witii a me{:al[ic oxide or cari)onate, a mix- 
ture of selenide and selenite is commonly obtained. At Idgli tempera- 
tures selenium is able to disjdace sulnhur partially ironi sulphides sue.]] 
as copper sulpinde and silver sulj)hide, the effect pi'obably being due to 
selenium being less volatile than sulpiiur.^^ At ordinary temperatures 

43 , i., idU (81) - 8 c); rcliiiii, Gazzdta, 11)15,4-“), i., r).3;> (Ag - 8 c); Iiui;a.kaini, Man. Coll 
Iscl. Kijdid, nUo, I, i“)3 (Tl — 8 c) ; Kjjiiala, ibid., 1915, i, liU (Tc- 8 c) ; Tcn\osli];j,c 
ibid., 1920, 4 , 55 ( Bi- 8 c)- 

^ Ki'cmanii and WiUck, ZtiCch. Jld'illLii/tdc, 1921, 13 , 90. 8 cc al.-^o kclabon, Ann 
Ciiini., 1920, [ix.], 13 , 121. 

“ Tomoslii^c, Mtn!.. Cull. Scl. Kyold, 1929, 4 , 55. 

^ Mathewson, J. Al//Lcr. Chtm. Aoc., 19U7, 29 , 8U7. 8 cc also Ro.sciil'cld, Utr., 1891, 2^ 
IGGO. 

^ IIuuol, Coinpt. rand., 1899, 129 , 299. 

^ Hall and Lenhor, J. Aintr. Chun. Aoc., J9{.)2, 24 , 918. AUo Tjicdricdj, ZinCch. (inyuc 
CliLiu., H)U2, 15 . 852; (.'uyol, Cohipl. u-nd., 1871, 72 , G85 ; 8 cndcrcji.>, djid., 1887, 104 , 175 

^ Garclli and Anyclctn, AlIU 11. Accad. Lmeu, 1922, [ v.], 31 , ii. 449. 

" Haikcrl, Cunipf. ru,d., 18S2, 94 , 1 18G. 

^ Iloie.s, Aji'il.J:'A. Qnlni., 1915, 13 , 131. 

Tscliu^acv ;md Cldopju, Ih r., 1914, 47 , i 29)9 ; ./. JCus., riujn. Clu m. Soc., 1*915, 47 
3G1. For llic anodic i'onnalion of polysL'kaiidcs by the actiun oi alkali on si'kaiunn, yea 
Lc ilianc, 'Z,cil6ch.. Uddrochun., 1995, II, 813 ; 199G, 12 , G99 ; 5lLilicr and Nowakowski 
ibid., 1995, II, 931. 

Polilitzeu, JJer., 1879, 12 , G97. 
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selenium lias ]3ractically no action on thionyl ciiloride. i)ut Aviiei: neated 
in tliionyl chloride vapour selenium tetracidoride is ha-ia-d acc,;rdir!i: 
to the ('([nation : 

Sed-2SOCU-SeCl , ---S :-SO,. 

Sulj)huryi (‘idoride, on tlm other hand, is attacked by selenium at erdinarv 
temneratures, selenium tetrachloride ayain ])einy -Oiined : ’ 

Se-h2SOoCU-=2SOo-SeCI 

IkTosuIjdmryl chloride. SoO^Clo, converts sekmium into a colemrless 
crysta-lline compound, SeSOgCl^ or SeCL.SO... generally kiiovvn as 
sulphur-selenium oxytetracliloride - (p. which melts at 105' C. and 

boils at 185' C., and which can also be obtained by th.e emnbiriation 
of its constituents, selenium tetrachloride and su'npliur trioxide.’' 

Applications of Selenium. 

The remarkable variation in the electrical conductivity of metadlie “ 
selenium on exposure to light, renders tlic clement of great inyisortancc 
for the eoiistruetion of certain types of optical apjmratusd For tins 
])urposc tlic clement is generally used in tlie form of tiiin slicets whdeii 
liaA'c been carefully ''annealed by heating for some time at 200 C . in 
order to ensure transformation to the ''metallic'* form. Tim diinculry 
in connection with fatigue '' or tlie slow recovery of normal resistamcc 
after exposure to light is usually surmounted by employing a scries of 
cells on a rotating disc or other device whereby eacli cell is given rime 
to recover while otliers are in use. The photoplione and tiie optoplione 
haxe already been mentioned. Tlie gradual develo])mcnt of ])iioto- 
telcgrapliy, the talking film and television, owes niucli to tlie application 
of selenium, although alternative metliods are now available. Famt 
sources of light, such as the light of stars, may be measured by the use 
of selenium ; the liglits of ligiithouses aaid of buoys may lie regulated 
from a distance or hy the disappearance of dayligiit, and tlie density of 
smoke or ^'apours in reaction chambers may be automatieaby reeorcied 
by apparatus employing tlie elenient. Explosive eliarges may be iircd 
from a distance hy means of a beam of light and a selenium ceil, wiiilst 
the interru]uion of such a beam focussed on to a selenium cell constitutes 
a sciviccalilc burglar alarm. The amount of selenium at present used 
for such purposes, however, is very small. 

The eliief use of selenium and its compounds is in tlie glass and 
ceramic industries.'’ Tlie grey crystalline form is generally used^. In 
the former industry the element is employed on an increasing sca-c ior 
four purposes : {a) for decolorising glass — halt an ounce of selenium 

^ Lenher an(i Xortli, J. Ainer. Cliem. Soc.y 190/, 29, 33. 

- Prandtl arci Borinski, Zeitsch. nnorg. Chem., 1909, 62, 23/. 

^ Rose, Ann. Pliys. CJiem., 1S3S, [ii.], 44, 315. 

See Ruhmer, Das Seltn und seine Bedeiitung fiir die Elild ch tyl: (.L>erl:n,^l902). 

See further, Ries, Das Seltn (Munich, 191S) ; Fournier d Albo. 7 /e; Doon-dunevA 
(Fisher Unwin, Ltd., London. 1925) ; Thirring, ZeiixJi. techu. Phiisi]:, 1922. 3. 1 IS ; Logan, 
J. hid. Eng. Chew.., 1923, 15, 40 ; Lauste, Scientific Aweriani, 1917, ])ee. 22 .^ For the use 
of selenium cells as colorimeters, see IMick^citz, Zeitsch. anorg. Chern., I92s, 171, 2S5 ; 
176, 27. 

^ Krak, CAas.^Ind., 1928, 9, Xo. 7, 152 ; Dy.son, Chemical Age, 192S, 19, Xo. 479, Met. 
Sec., p. 17 ; Silverman, J. Arner. Ceram. Soc., 192S, li, SI ; Polgrean, 1 runs. Ceram. Soc., 
1929, 28, 87. See also Chern. News, 1912, 106, 309. 
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with a little cobalt oxide is added to 1000 lb. of sand ; {h) for producing 
pink- and orano'e-coloured o-lasswarc — tlic sclcniuni is added to soda-lime 
or potasli-soda glasses under oxidising conditions (the orange colour is 
produced by a mixture of selenium and uranium); (c) for producino 
rul)y glass — more selenium than in the prex'ious operations is addedd 
together with cadmium sulphide, a distinctive ruby colour of consider- 
able intensity resulting; {d) for producing amber glass, a brilliant glass 
suitable for high grade table ware — selenium and borax are added tc 
lead glass under oxidising conditions. Instead of the element, sodium oi 
barium selenite is now used by many glass makers in. order to avoid loss 
by volatilisation. Selenium is also used to produce ruby glazes in pottery, 

Electric cables treated with a thin layer oC metallic selenium arc 
flame-proof to a remarkable degree, tlius minimising the risk of fire 
through short-circuiting of heavy currents. The cotton or rubber usee 
for covering the wire may itscll' be treated with the selenimii and sc 
rendered non-innammable ; flame-proof switchboards, etc., may also be 
constructed. 

Attempts to use selenium either in 'place of or in conjunction witi 
sulphur in the vulcanisation of rubber do not aj^pear to be completeh 
successful,- although it is claimed tliat rubber \'ulcanised with sulphui 
and selenium in the presence of an organic accelerator exhi])its enhanceci 
rigidity and resistance to abrasion.'^ The incorporation of powderec 
selenium in ordinary rubber for vulcanisation by sul]diur is said tc 
provide crystalline selenium nuclei whic-h induce the internal crystallisa- 
tion of any superlluous sulphur and so ]:)rcAvmt the undcsiraldc surface 
crystallisation (or '' bloom 'p. The effect is attributed to the isomor- 
phous character of selenium and sulphur. 

Certain selenium compounds exhibit bactericidal and fungicida 
action,'^ and selcnious acid may be used as a lierbic-ide against dandelion 
Canada thistle and burdock. 

Certain sclenites, for example of barium and lead, are satis factoiy 
as pigments, yielding paints of a high degree of opacity. 

IMany toning processes in photography in\v,>l\'c the use of scleniun 
compounds.^ One such process recently reeoinmcnclccl consists in treat- 
ing the print or lantern slide, alter developing, fixing and washing 
with a solution containing about 1 per cent, of crystalline sodium sul 
phicle and 1 ])er cent, of sodium seicnitc or selenious acid ; after twenty 
minutes or so in such a bath intense browTi tones are obtained witl 
chlorobromidc papers, or 1)rown-A"iolct tones with ]nire ]'>romide papers. 

Physiological Action, 

Selenium itself exerts no poisonous action although the alkal 
sclenites and selenates are very poisonous.® The selenatcs ])robably owe 

^ A minimum of about 0*25 per cent. Sc i.s jncjuirccl to produce a. deep ruby colour. 

- See Xorris, India Rubher World., 1928, 78, Xo. 4, ()0. 

^ Boggs and FoUansbee, Trans, hist. Rubber Ivd., 102C>, 2, 272. 

^ See Stover and Hopkins, Ind. R/uj. Chem., 1927, 19, oiO. 

Gardner, Educational Bur. oj Paint j\[anuj'aclurers‘ Association, TJ.S.A., Circular Gi: 

1919. 

Eor a summary of literature dealing with these processes, sec Sedlaczck, Brit. J . Phot 
192.8, 75, 784 ; 1929, 76, 4, 29, 44. ‘ ‘ Sec Milbauer, Chcni. Listy, 1927, 21, 509. 

^ Czapek and \Veil, Arch. exp. Path. Pharrn., 1893, 32, 43S ; Labes, ibid.., 192^: 
I33> t)7 ; also this volume, p. 350. 
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their effect to a primary reduction to selenite. Th.e svm'otonis some- 
what resem])le tliose of arsenical poisoning'. Some nioiihh 'nao'c the 
power of reducing selenium com]'>ounds witli tiic 'production of cm im- 
ideasaiit fmcal odour. ^ Extremely small (piantitics of sodiim: selenite 
increase the crop of moulds belonging to the Pt'nii-ilihiin eemis.- 

Atomic Weight. 

The first determination of the atomic weiglit of selenium vras due 
to Berzelius,'^ who in ISIS synthesised tlie tetraciiloride. witii t'i'.e follow- 
ing result : 

Se : 4C1 : : 100 : 179, Se = r9-2:h 

In 1S4T Sace determined the atomic weight bv several inetliods, of 
which only two proved of value, namely : (i ) pure selenium dioxide was 
reduced with ammonium hydrogen sulpliite and the resulting selenium 
wciglied : (ii) barium selenite was calcined witli sulpluiric acid and tiie 
resulting barium sulphate weighed. Tlic results were as follows : 

3 experiments — ScO., : Se : : 100-000 : Tl-OSS. Se^7S-0S. 

1- cx]3crimcnts — BaSeOo : BaS 04 : : lOO-OOO : SS-437. Sc — 7S'5S. 

A totally different procedure was followed in lSo2 by Erdmann and 
Irlarchand/' wlio analysed mercury selenidc with, tlie following result : 

3 experiments — ITgSc : llg : : 100-000 : 71-7327, Sc — 79-05. 

Ill ISGO Dumas " reverted to the original metliod of Berzelius, but 
in a scries of not very concordant experiments olitainecl a decidedly 
higlier value for the atomic weight : 

7 experiments — Se : 4C1 : : 100-000 : 17S-G52, .-. Se — 79-30. 

Sixteen years later, Ekmann and Pettersson ^ estimated tlic silver 
in pure silver selenite by ignition and the selenium in tlie ])iir(‘ dioxide 
by reduction with, sulphurous acid from its solution in dilute iiydro- 
chloric acid. The results vvcre : 

7 experiments — AgoSeOo : 2Ag : : 100-000 : G2-9o7. Sc^78-95. 

5 experiments — SeO., : Se : : 100-000 : 71-191, Se = 79-()8. 

In ISOS Leiiher ^ made a careful study of tlie atomic weiglit of 
selenium b}' new methods. Firstly, pure silver selenite was trans- 
formed into silver chloride by heating in a stream of hydrogen chloride : 
the silver chloride was weighed and then reduced in hydrogen, the 
resulting silver also being weighed : 


^ Rosenlieim, Froc. Ckem.. Soc., 1902, i8, 13S. 

“ See Xemec and Kas, Biochem. Zeilsch., 1921, 114, 21. 

^ Berzelius, Fogg. Annalen, 1826, 8, 1. 

‘ All atomic weights have been recalculated, using the follovine: anrecedeut data : 
O = lC>-000, 11=1-0076, Cl=35-457, Br=79-916, An = 107-SS, X=U-(X)S, S = 32-u6o, 
ITo-_200 6, Ba=137-37, C=12-003. 

Sacc, xinn. CJiim. Fhys., 1847, [iii.], 21, 119. 

Erdmann and Marchand, J. gyraht. Cliem., 1852, 55, 202. 

' Dumas, Annalcn, 1860, 113, 32. 

Ekmann and Pettersson, Bar., 1876, 9. 1210. 

Lenher, J. Arner. Cliem.. Boc., 1898, 20, 355. 
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11 experiments — AgoScO.^ : 2AgCI : : 100-000 : 83-558, Se — 70-32. 

8 experiments — AgoSeOo : 2Ag : : 100-000 : G2-805, Se — 70-29. 

Seevondiv, ammonium bromoselenate was rcdueccl witli livalroxvl 
amine iivdroelileridc and. tiic resulting seienium weiglied : 

8 experiments — (NII,j) 2 ScBr (5 : Sc : : 100-000 : 13-322-1, Se --70-21. 

In 1001 Steiner^ published the results of two analyses of scleniuir 
diphenyl wliieh were effected by combustion, tlic resulting carboi 
dioxide being absorbed and weighed : 

2 experiments — (C- 3 lT 5 ) 2 Se : ]2COo : : 100-000 : 22G-53G, .-. Se = 7S-98 

The following year Julius Meyer reverted to the aiialysis of silve: 
selenite. The analysis, liowever, was made by clcetrolvTie de])osition o 
tlic silver from a solution of tlie salt in potassium cyanide : “ 

5 experiments — AgoSeO;^ : 2Ag : : lOO-OOO : G2-9193, Sc = 70-](;. 

In 1910 Kuzma and Krehlik ^ made a careriil rc-dctcrinination o 
the atomic w'eight of the clement, tlic mctlnod used being rcductioi 
of tlie dioxide with sulphurous acid. Tlic result was as f()j!o\vs : 

10 ex])eriments — ScO., : Sc : : lOO-OOO : 71-2385, .-. Se--U'0-2G. 

The value adopted by tlic Ciiemieal Society on tiic rcc,‘ommcndatioi 
of the Sub-Committee on Atomic Weiglits (1920) is Se — 79*2. 

According to fvston selenium is not a, simple clement, iiut consists 
of a mixture of no fewer tlian six v-vn/npev, tlic atomic; masses o{“ whicl 
are, in. order of intensity, 80, 78. 7G, 82, 77, 71. Tlie atomic numbe: 
of selenium is 34. 


Valency of Selenium. 


Selenium resembles sulphur in its variations in valency, com]3oiindj 
being known in vvliich tlie element is dcrinitcly bivalent, (luadrivaleiii 
and sexavalent. respectively. The tendency to (pnrch'ivalency, liowcumr 
is greater tlian in tlic case of sulphur, and tlie compounds formed ii 
Avhicii tills ^n^lency is exhibited are relatively more stai)le in t;ic eas( 
of selenium tlian in the c;asc of sulpliur.'' Tims, wiiiist tiic bi\nilcn1 
selenium in organic sclcnidcs reaciiiy combines witii a moiccular pro 
portion of ciiloriiic or otlicr lialogcn,'* sexavalent selenium in. tlu 
selenates is easily reduced to tlie (uiadrh'alent sclenious condition. A^ 
with sulpliur. it lias b'cen possible to demonstrate tiiat in (piadriAulenl 
selenium tiic four valencies arc disposed in tliree dimensions of space 
since substances of tlie type 


ci-n- 


■Se-^ 


x: 

UIIo.COOII 


^ Steiner, ./Ur., 1901, 34, 570. 

“ J. Meyer, Zeitsch. aiiurg. CIu-:///.., 1902, 31, 391. 

^ Kuzma and Krelilik, Trans. Bohtiiii'Lib Acad. Enrp. Francis Jn-sc/jJi, 1'910, 19, Xo. 13 
CJicr/iickc LFiy, 1910, 5, G. 

^ A.'rlon, Xaf.urc, 1922, iio, 604 : PhiL Mag.., 1923, rvi.], 45, 934. 

•' \ ()n Bartal, Clann. Zeit., 1907, 31, 347. 

'■ Lyons and .Bush, J. Arner. CJitni. Soc., 1908, 30, 831. 
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where X represents an acid radieah arc capa])le of existence in two 
enantionioridious forms, tlie main difference betwet'U wineli Iie^ in tiic 
effect of the solutions on ])o]ariscd lio-jit.’^ 

Constitution of the Selenium Ivlolecule. 

Cryoscopic measurements on solutions of selenium in various 
solvents give divergent results for tlie constitution of tlie selenium 
molecule, the atomicity varying not only witli tlie nature of t:ie ;>olvent 
])ut witli hne temperature and concentration of tlie solution. In ornanie 
soh'cnts, e.g. anthraquinonc and diphenyh tlie molecular weight Corre- 
sponds witli Se.;. as is also the case in yellow ]>i‘OS})liorus.“ In mct'hvlene 
iodide (at 4" C.) tlie results point to Se^ and Se,,;. In iodine tlie values 
obtained botli er\mscopically (at 113*9' C.) and eballioscopieallv fat 
184" C.) correspond with the diatomic molecule Se^. altliougii ii>dine. 
on account of its low dielectric constant, would not be ex]K"cted to show 
dissociating properties.^ According to Olivari. tlie molecular VNXugiit 
corresponding with Se^ is only obtained in solutions having a greater 
concentration tlian 5 per cent, of selenium ; in more dilute solutions a 
lower molecular weight is obtained. 

Tlie maximum absorption of light by selenium vapour occurs 
between 650"^ and TOO" C., and vapour density determinations sliow 
that the average molecular weight at this temperature corresponds to 
Seg. 

Detection and Estimation of Selenium. 

Selenium is recognisable by the characteristic odour, resembling 
that of rotten radishes, which it emits when warmed, and by its com- 
liustion with a blue flame, forming the dioxide. The element and most 
of its compounds impart a bright blue coloration to the Bunsen flame, 
and a piece of cold porcelain held in tiie (lame may receive a red deposit 
of the element in the reducing zone or a white de])osit of tlie dioxide in 
the oxidising zone. By heating with sodium carbonate in tlie reducing 
llame, selenium compounds can lie made to yield sodium selemdc. from 
which tlie cliaractcristic odour of hydrogen selenide will be developed 
on the addition of acid.*' 

A wet test to identify traces of selenium has been described by 
Deniges.^ Tlie reagent used is a solution of mercurous nitrate pre- 
pared by dissolving 10 grams of the salt in a mixture of 10 c.c. of con- 
centrated nitric acid and 100 c.c. of water. Selenious acid and its salts 
yield a crystalline precipitate of mercurous selenite either immediately 
or on cooling, Tliis precipitate consists of characteristic long neccilc- 
shaped crystals. Solutions eonta,ining 0*1 per cent, of the acid wall 
give this reaction. Selenic acid and its salts when treaded -with an equal 
bulk of the reagent give a precipitate of mercurous seicnatc wliich 

Popo and Neville, Traa-^. Chem. Soc., 1902, 8 i, 1552. 

- Beckmann and others, ZcitscJi. plujilhal. Chem., 1S97, 22 , ficO ; 19u3, 46 , So3 ; 
Z fit sell, a/iorej. Chem., 1912, 80 , 221. 

^ Olivari, d/// B. Arccid . Lined, 190S, [v.], 17, h., 3S0 ; 1909, iS, n., 264 ; Beckmann 
and others, loc. cil., also Zeilsch. anorg. Chmn., 191S, 102 , 215. 

‘ Bobbie and Fox, Proc. Boy. Soc., June 1920. 

Bunsen, Ati/ialc.'/i, lSGt'3, 128 , 257. See also Frc.seniii.s, Zcitsch. anal. Chc/n., 1 : 5 / 6 , 15 , 
295 ; Hohmann, Zeidch. angew. Chem., 1906, 19 , 10S9. 

Beniges, Chim. anaJ., 1915, 20 , 59. 
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rapidh^ becomes crystalline and under the microscope consists of small 
clusters. 

Small quantities of selenium in solution may be detected by the test 
described by 3Jeunier,‘ wlucli is similar to Marsh's test for arsenic. If 
there is a relatively large amount of selenium jU’csent it is readily 
detected by its red colour, but if the amount of the element be small 
the deposit closely resembles that of arsenic, and in this case tlic 
following process may be adoj^ted to detect the selenium. A current 
of hydrogen sulphide is passed into the hot solution containing a little 
sulplmrous acid. The precipitate of finely divided sulphur carries 
down witli it any selenium present and arsenic as arsenious sulphide, 
and it is clotted by stirring. In the ])resencc of selenium the clots are 
brown ; they may be dried and the sulphur and selenium separated bv 
careful sublimation in a closed tube. 

Selenium may also be detected in solution by tlic addition of a little 
concentrated sulphuric acid and a few small (Tvstals of hydrazine 
sulphate. On warming, a red coloration or precipitate indicates the 
presence of the element, “ the reaction being scnsiti^'c to 5 mgms. of 
selenium per litre. 

To detect selenious acid in the j^resence of selenic acidd 8 c.c. of the 
solution may be treated with 5 c.c. of concentrated sulphuric acid, a 
little sodium sul]diite added and the mixture boiled. A red coloration 
indicates the preseime of selenious acid. Alter fltering olT any preci- 
pitate, 8 c.c. of concentrated hydrocldoric acid and more solid sodium 
sulphite arc added and the solution again boiled ; a red coloration or 
precipitate then indicates selenic acid. Tlie sensitiveness of this test 
is the same as for the jueceding test. 

Tlie presence oi' selenium in sulphuric acid may be detected by dis- 
tilling witli a lew c.c. of bromine water containing potassium bromide. 
The distillate, collected in a few c.c. ol‘ concentrated hydrocliloric acid 
and saturated vdth sulphur dioxide and cooled, gives a preeijutate of 
the elemciu. if present.'^ By this means 1 part of selenium in 10' parts 
of acid can be detected. AmAher metliod depends upon tlie addition of 
aspidos]:‘crmine, wb.ich gives an intense violet colour when selenium is 
present.’”' This test is less satisfactory than tlie ])receding one, however, 
since tlm colour varies with acid concentration and time of heating. 
Moreover, alLnougli pure sul])huric acid gives no coloration with 
aspidospermine. if an oxidising agent sucli as potassium chlorate or lead 
dioxide be ]weseirc, a rose-red coloration develops. A process tliat Avill 
detect 0*()(}05 ])cr cent, of selenious acid in sulpluiric acid involves tlie 
use of eitlicr morpliine or codeine.^' As an cxam]de of the test, mix I c.c. 
of a 0-] ].)er cent, aqueous solution of selenious acid with 200 c.c. of pure 
concentrated sulpliuric acid : 10 c.c. of tliis mixture will with 0-1 gram ol 
codeine phospliate after one minute produce a distinct green coloration 
and after fifteen minutes a bluish-green colour. Smaller quantities ol 
the selenious acid mixture will produce the same colour jdicnomena. 

^ Meunicr, Comjd. rend., 1916, 163, 332. 

“ Miillcr, Ze/ifsch. phiji^ikai. Cham., 1922, 100, 34C. 

^ Miiller, Joe. cif. 

Wells, J. Washinglnn Acad. Sci., 1928, 18, 127. 
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Against a ^v]litc surface this colour reaction may he oiiserveh evi-n witli 
a 0-0()0()l ])cr cent, concenuratioii of sek-aioin aeid. Th-,* is 

more sensitive witli sui])]iuri(‘ acitl abow- To m i* cent, on 

than witli dilute acid. The test is not apnlieaiMe ii‘ tin- sihj)h:ir!e m-io 
contains iron. Tclluroiis acid retards the rc-aitionh^ 

Still another method for tlic detection of small caiantitic-'' m’scienions 
acid consists in adding sodium liydrosulpliite. XhmS^O-. t^) t!ie s(hationA 
whieli is then neutralised witli solid sodiupii ciirlionate. T:ie ])resence 
of the least trace of selenium causes a red coloration diin t. ) tiic colloidal 
element. 

A colorimetric method ^ for tiie detection and estimation of small 
oyiantitics of sclcnious acid, which is sensitive- to (ceng C',-nt.. mav 
i)c carried out as follows : Into two cylind(-rs are nut. :\-^]icct:vciy, 
5 c.c. of the solution to he tested and 3 c.e. of a solutioni of SL-lenious 
acid of ap]yroximateiy the same strength. 70 c.e. of water are added 
to each and also a drop of gum aivdoie : tlu-n 5 c.c. of 5 ]xt cent, iivilro- 
chlorie acid solution and tlie wliolc diluted to 00 c.c. 1 c.c. of a solution 
of potassium iodide is added to each tube and tiic- conterits vigorously 
stirred. The respective colorations (due to iodine and colloidal 
selenium) are compared after five minutes in a Kriiss colorimeter. 

Estimation. — The general method for the estimation of selenium 
consists in oxidising it to sclenious acid and subsecnicmtly precipitat- 
ing it as the element by means of a siiitalde rcdiieing agent, sueii as 
sulphurous acid or liydrazine hydrate. The red selenium produced is 
converted to the more granular grey variety hy boiliUig, and can tiren be 
filtered on to a Gooch crucible, dried at 103' if and weigh.cd. 

Hydrazine hydrochloride or sulphate as tlie redueingagciit is also said 
to give good results,'^ when the volume of nitrogen evolved is measured : 

SeO.-f-X.H;-Se-r2lIp-Xo. 

Tlie gas is collected over boiled water. Tlie evolution is soon complete 
and stops abruptly, so that the end of tlie reaction elcavly seen. Tins 
method is available for small cpiautities of selenium, since 1 gram of 
tlic dioxide yields 201*83 c.c. of nitrogen at X.T.T.'^ 

ny})ophosphorous acid in sliglitly alkainre solution reduces sclemc 
acid cpiantitativcly to tlie element, wlueli can be separated, eoheeted. 
dried and weiglied. If tlic selenium is originally in a iiigii stage ol 
oxidation it should first be reduced by boiling with iiydroelilonc acid 
until no more chlorine is evolved.^’ 

A rapid mctliod of dealing with the precipitated selenium is to wasii 
it and dissolve it in a cold saturated solution of sodium sulpliicie. Tlic 
red colloidal solution obtained can he titrated witli a standard potassium 
evauide solution,” the end-point being marked by a change ol colour 
from red to yellow : 

Sc-i-KCX = KSeCX. 

^ Eoi' the application of the test to decolorised bottle gl;t'^-s, ?ee Eowmc.k^r and Can- 
wood, J . Soc. Gla.<s Technology, 1027, ii, 386. 

- Xeycr and Janiiek, Zcitscli. anal. Cliem-., 1013, 52, 334. 

^ IMeyer and von Gam, ibid., 1013, 53, 29. 

^ Peliini and Spelta, Gazzeita, 1003, 33, ii., SO. 

Por a modific-ation of this method, see Gutbier and Engeroit, Z'>f^r]>. anai. Clurn., 
1013,54,103. 

Gutbier and Rohn, Zeitsch. aiiorg. Chern., I0o3, 34, 418. 

Bcnesch, Chon. Zeit., 1028, 52, 878. 
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Sclenioiis acid readily dccom poses potassium pcrmariyanatc, bu 
aualvtical results are uiitrustworthy in tlic jiresenec of more tlian j 
limited qiiantitv of sul])nurie aeidd Tlic oxidation should ])c earriec 
out at C., a'kuown quantity of ])otassium ]XTman_o‘anatc Lcinj 

used and the excess determined cither by means ot standard oxalii 
acid solution or ])y electrometric titration witli ierrous sulphate. Ii 
the ])resence of tellurium, the latter is also oxidised and should b( 
determined in a separate sample by oxidation with ]iotassium di 
chromate, which docs not oxidise the selenium, and the nccessaia 
deduction can then be madc.“ 

By tlic interaction of a thiocyanate and selcnions acid in the presenc( 
of hydrochloric acid, thiocyanoselcnious acid is formed : 

xn ,iCXS +HC1 - HCXS -I- XII ,,CL 
2 nCXS-iHLoSc 03 =(HCXS),.IuSc 03 . 

This compound is rapidly decomposed by hot water with the dcpositior 
of anior]:)hous selenium, which may be hltercd off, dried and weighed. 
This amorjohous selenium, however, may contain some admixed sulphur 
which should be estimated by treatment with aqua regia and precipi 
tation with barium chloride, and tlien allowed for."^ 

A method involving electrometric titration dc]')ends on the volu 
metric reduction of selenious acid to selenium by means of titaniun 
sulphate. The method is rapid and accurate if the solution is in cole 
concentrated hydrochloric acid saturated with sodium chloride. Tlu 
presence of the latter is important, for it ensures ra]:)id and uniforn 
coagulation of the selenium hydrosol and increases the sharpness ii 
the change of voltage at the end-point. The use of the hydrochlori( 
acid in the cold eliminates the otherwise almost inevitable loss o. 
selenium by volatilisation. Under th.ese conditions any tellurium whicl 
may be present is unreduced and only has the effect of modifying tin 
nature of the end-poin.t.^’ 

Esiwiaiion of Selenium, in Organic Conijiounds . — A trustworth;^ 
method consists in oxidising the substance with fuming nitric acid 
refluxing with concentrated hydrocliloric acid until tlie nitrous fume: 
disappear and then preci])itating the selenium witli sodium sul])hitc.' 

The Carius method can also be ada])ted for the estimation of seleniun 
in organic compounds.® About 0-2 gram ol' the substance is trcatcc 
with nitric acid (s]:>. gr. =^Lt) and about ()-,5 gram of silver nitrate. Tla 
contents of the tube are transferred to a basin, evaporated to dryness 
washed with alcohol and tlien dissolved in 20 per cent, nitric acid 

^ Gooch and ClcTnons, ZoAlscJi. anorg. Clieni.., 189“), 9, .300; Marino, ihUL, 1909, 65, .32 
Moser and Prinz, ZcMscJi. cmal. Clit'm., 1918, 57, 277. 

“ Schrenk and Brownina, J . jUruir. Chem.. Soc., 1926, 48, 2.“)o0 : Litlman, Chern. Zeii 
1927,51, 323. 

” Ivanoff, J. Ilu-ss. Phys. Cli.em,. Soc., 1908, 40, GGl. 

For a method involvino- the use of silver, see Perkins, ZeifscJi. aiiorg. Chem., 1910, 6' 

361. 

Willard and Fenwick, J. Aratr. Cliern. Soc., 1923, 45, 933. See also Tomicck, Pul 
Soc. cliim., 1927, [iv.], 41, isSO. 

For an electro-analytical method for the estimation of small quantities of solenioii 
acid, see Muller, Zeitscli. physihd. Chem., 1922, 100, 34G. 

' Bauer and Michaelis, Per., 191;), 48, d07, 873. 

Frericlis, Arch. Pharm., 1902, 240, G;)G. 
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This solution is then diluted and titrated witii stanuaru nerassiuin 
thiocyanate solution, using ammonium iron alum as indicator.^ 

Another method - consists in burning tlic organic substance in oxvgeii 
in the presence of platinum as catalyst ; the selenium is oxidised to 
selenious acid, which is titrated with lOU sodium liydroxide. Ii 
suljdiur is present in addition to selenium the mixed sulpiiiiric and 
scleniou.v acids obtained are titrated, the sulpliuric acid being after- 
wards estimated separately as barium siiipluitee If, iiowever, the 
substance contains cither nitrogen or a halogen, titration is useless. 
The selenious acid should, in this case, be reduced by means of sodium 
sulphite in the presence of a large amount of hydroehiorie acid. The 
selenium thus formed may be weighed. 

In the absence of the halogens the selenium may be oxidised to 
selenious acid by heating witii nitric acid in a Carius tube at 240 ' to 
300 "^ C. The resulting liquid is nearly neutralised, excess of ziiic oxide 
added, and the mixture titrated witli silver nitrate using cliroinate as 
external indicator : ^ 

HoSeO^-r^AgXOa-hZnO-AgoSeOa-ZnlXOA.-HoO. 

A blank titration against a suspension of zinc* oxide is necessary.* 

Estiuiatio)i of Seleitluni i)L Sulphide — In various sulphite- 

cellulose manufactories dillieulties liaAe occurred which liave been 
traced to the presence of selenium in tlie pyrites used for burning. 
Part of the selenium remains in the burnt pyrites and part volatilises 
with the sulphur dioxide. 20 to 30 grams of p\Tites are dissolved 
in hydrochloric acid (dens. = lT9) and potassium chlorate. Zinc is 
added to reduce the iron to the ferrous condition ; more hydrochloric 
acid is then added, the solution boiled and stannous chloride added to 
precipitate selenium. Since the selenium may contain arsenic, it is 
collected on an asbestos lilter, dissolved in potassium cyanide and 
reprecipitatecl using hydrogen chloride and sulphur dioxide. The 
element may then be estimated by the iodometric method described 
below. In order to determine the relative proportion of volatile to 
non-A'olatile selenium, the pyrites nu-iy be roasted in a current of oxygen. 
After this treatment the contents of the tube arc dissoh'ecl in warm 
potassium cyanide and the selenium rcprecipitated and estimated in the 
ordinary way. 

In the iodometric method tor the quantitative estimation of small 
quantities of selenium in pyrites use is made of the reaction 

SeO -hlTII = Se -r 211 oO - 2l o. 

The dioxide should be dissolved in water and the solution diluted largely. 
A few drops of hydrochloric acid are added and tlie whole heated on a 
water-bath. A stream of carbon dioxide is introduced to repiace the 
air and solid potassium iodide added. The llask should be corked, its 

1 See also method described by Lyons and Schinn, J. Aiacr. Cht/it. Aoc., LJU2, 24, iUST. 

- Wrede, Zeitsek. phi/siol. Che/n., 1920, 109, 272. 

^ Bradt and Lyons, J. Chem. SW., l92o, 48, 2042. 

^ Lor a method mvoiving combustion in a Parr bomb, tee bhavv and Leid, ibid., 1927, 
49, 2330. 

^ KlasonandAlcllquist.,-4/-Z:/i-.7L //n Jliif. GoJ., 1911, 4, Xo. IS, 1 ; 1912, 4, Xo. 29, 1-10; 
1913, 4, Xo. 34, 1. Sec also Schmidt, Jlctall iind Erz, 1925, 22, 511 ; Cht)n. ZinVr., 1920, 
1., 739. Lor the separation of As from Se, see Fridii, Fhaun. Ztidr., 1920, 67, 309. 
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eontciits shaken and kept in the dark tor about an Jiour, wlien the 
liberated iodine may be titrated \vitli standard thiosuIphateU Care 
must be taken tluit the iiydroeldorie acid used is tree from ehlorinc, 
and that the ])otassium iodide contains no iodatc. The method is 
trustworthy it the amount of iodide used is four times tlie theoretical 
quantity.- and it is a.])plieablc to solutions of scleiiious acid in o'enerah 
Tlic degree of accuracy is improved by the addition of carbon disulphide 
before tlic liberation of iodine. The latter then conqdetcly dissolves 
in the organic solvent and is not partly adsorbed on the precipitated 
selenium ; hence the subsequent titration with thiosulphate is more 
easily accomplished.^ 

The detection and estimation of selenium in the mother-liquors 
from the preparation of sul})liite-eellulosc is rendered dillicult by tlie 
colour of these liquors, due to the organic substances present. The 
presence of tiic element is indicated by the fact that a red deposit is 
formed on the sides of the combustion tube when the organic matter is 
being burnt oil. Estimation may be carried out by evaporating the 
liquor until all the free sulpliur dioxide has been evolved, acidifying with 
hydrochloric acid and boiling to remove tlie last traces of sulphur dioxide. 
After allowing to staiid in a warm place for a few days the selenium 
settles to tile bottom of the container and may be estimated as deseribed.^ 
The method of estimation of selenium in sulphur depends upon the 
fact that sul])hur and selenium bromides arc decomposed by water 
according to the equations : 

2S oBr o 311 , 0=11 oSO 3 -- 3S - dllBr , 

SoBr ;; -f 3II oO - li oSeO ^ -j- llIBr . 

Tlie reaction with the selenium compound is much more rapid than tliat 
with the sidphur compound. Some of the selenious acid becomes oxidised 
to selenie acid. WTien these selenium acids are treated with excess of 
hydriodic acid they become reduced to selenium : 

II oSeO ^ + GHI - 4II oO 31 , -r Se, 

and 

IIoSe03-rlHI-3iip-l-2l,-rSc. 

The selenium formed is collected, dried at lOO'^ C. and weighed.^ 

^ Rut]nn;ni(i ana .Scliafcr, Ucr., LSU3, 26, JOOS. 

- tJu.scraiiri hj'Uiz, ((n.aL CIk-hi., LIUS, 57, 377. 

Ruru aiui TeUclbauin, Chtin. Ztll., JILS, 52, l‘J3. 

•’ KhU'cni and .Mxtiauiyt, Arkiv. Ktin. Jltn. Gcol., LJ 13, 4, Xo. .‘>t, 1. 

Smith, J. lud. Eiuj. Cht}iL., 11115, 7, S-lh. 


CHAPTER V. 

COMPOUNDS OF SELENIUM. 

The compounds of selenium arc in large measure aiiaiogom tu tiiose 
of sulphur, but \vlicreas the latter element exists ])rineicui:iy in t-ie 
l)ivalent or sexa\uilent condition, selenium is (_]uadri\'aleiit in its mobt 
stable compounds (sec p. There are consecpaeidly marked diiier- 

ences between tlie properties of many of tlie corresponding compounds 
of the two elements, and selenium is more closely allied to telluriuni 
(see later) than to sulphur. 

The ease with which selenium combines with many other elements 
to form binary compounds lias already ] 3 een mentioned : p. Only 

one compound witii hydrogen is known, but a series of polysidenides o: 
the alkali metals correspoiuiing to the polysulpliides lias ’oeeii obtained. 
Selenium forms a hexafluoride, SeF^;. but no other hexa'nalide lias 'oeen 
isolated. The tetrahalides arc the most sta’Ple. and mixed ciiiero- 
bromides of quadrivalent selenium, SeCl j_.rBr ... are known. Selenium 
monoehloride, SeoCl.^, and selenium monobromide, Se^Iiro, also exist as 
comparatively stable liquids at ordinary temperatures. No conipouiul 
01 selenium and iodine is known. Selenium oxycliloride. SeOCL. and 
tlie oxybromide, SeOBr.,. arc extremely reactive and useful compounds. 

Only one oxide, the dioxide, SeOo, is deilnitely known .;see p. ;326 ;. 
The anhydride ofsclenic acid, SeO^. has resisted all attempts at ])repara- 
tion by methods analogous to tliosc used for sulphur trioxide, and its 
actual isolation is still unsubstantiated (sec p. 331 ). Selenium Pioxide, 
the product of the combustion of selenium in oxygen, is a liygrosoupie 
crystalline solid. From its solution in water, selenious acid, Il^SeO^, 
may be separated in crystalline form. Tliis acid is more stalim tiian 
sulpliurous acid and is only oxidised to selenie aeid by powerful oxidising 
agents, such as cliloriiie. It is, however, readily reduced to tlie element, 
red amorphous selenium being precipitated, and in tins respect seiemuni 
compounds generally are somewliat more senhith'e towards reducing 
agents than the corresponding tellurium compounds. Selenie acid may 
be obtained in tlie solid state; in solution it resembles sui])iiuric acid 
in its chemical jiroperties but is not quite so reactive. Ihe selenates 
are similar to and often isomorphous with tiie corresponaing suipiiates, 
which they also resemble in the formation of double salts ; for examj)le. 
a series of selenium alums has been prepared (see p. 337 ). There 
arc indications thaT a perselenie acid may exist (p. 337 ), but such a 
compound has not been isolated. 

Although selenium does not appear to form a series ol acicis corre- 
sponding with the pohThionic acids, several compouiuls dern-ed irom the 
latter by substitution of selenium for part oi the sulphur, lor example 
noSeSo 6 ( 3 , UoScoSOo. etc. (see pp. 339, 3-10), have becn^prcjmred. 

Selenium docs not combine directly witii nitrogen, nut a eompound 
of the two elements, selenium nitride, SciNy. lias been obtained by the 
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interaction of ammonia and certain lialogen cleriAmtivcs. It is an 
explosiA'e solid Avliich reacts violently with clilorine and bromine but 
not with iodine. Nitrosylselenic acid, XOo.SeOo.OIL lias been obtained 
by the action of nitrogen trioxidc on anhydrous selcnic acid in the cold. 

Selenium resembles sulpliur in combining directly witli iphospliorus 
to form a number of welhdefined compounds (sec p. 3 II ). Sclcno-phos- 
jDhatcs of the type M3PSca;0,^_a: i^ave also been prepared (pp. 312, 313). 


Selenium and Hydiiogex. 


Hydrogen Selenide, HoSe.— This compound was discoAvred in 

1SI7 by J. J. Berzelius as the gaseous product of the interaction of 

hydrochloric acid and iron selenide or potassium selenide. 

Formation and Frei3aration.—[l) Hydrogen and selenium combine 

on heating : tt • c ^ tt e 

Ilg-rSe H2Se. 


The action begins appreciably near 250"^ C., and Avith rise of tem]:)era- 
ture there is an increasing percentage of hydrogen selenide in the 
equilibrium mixture until a maximum (exceeding 50 per cent; ) is reached 
near 570" C., aboA'c Avhich temperature the percentage decreases. On 
account of this bchaA'iour, selenium heated in one part of a tube con- 
taining hydrogen gmes a crystalline deposit in the cooler parts of the 
tube, the apparent sublimation being due to the formation of hydrogen 
selenide at the higher temperature and its partial decomposition by 
cooling away from tlie heated space. If tlie cooling is clfected rapidly 
it is possible to check the readjustment of the cquiliVjrium.^ The gas 
can be purified by cooling in liquid air, Avhen the free hydrogen remains 
uncondensed.- 

(2) Aqueous solutions of selcnious acid yield small (]^uantities of 
hydrogen selenide Avheii submitted to the action of nascent hydrogen.'^ 

(3) Phosjdiorus pcntaselenide, obtained by heating together an 
intimate mixture of selenium and red pliospliorus, when Avarmed Avith 
Avater giA^es a steady stream of hydrogen selenide.^ 

(4) From metallic selcnidcs.- — Aluminium selenide is easily decom- 
posed, eA'en by Avater, Avith formation of hydrogen selenide : ^ 

AUSc3-;-6H20-2Al(0n)3-r3iUSe. 

Many metallic selenides yield tlic gas aa'Iicii treated witli dilute 
mineral acids. For example, wlicii aluminium or magnesium seicuidc is 
dropped sloAvly into tlic acid a continuous stream of hydrogen selenide 
is generated, which can be dried by means of phospliorus pentoxidc. 
If required in a high degree of purity, the dried gas can be liquefied, e.g. 
by means of a mixture of ether and solid carbon dioxide, and obtained 
pure by re-A'aporisation.^' 


^ See Pelabon, CompL rtiid., 1893, ii6, 1292; 189-^1, ii8, 142; 119, 73; 1897, 124, 
360 j Zeitsch. jytiy-sikaL Chem., 1898, 26, 659 ; Bodeiistcm, ibid., 1899, 29, 429. 

- Heinpel and Weber, Ztilsck. aiwnj. Clicm., 1912, 77, 48. 

^ Meunicr, Com-pt. rend., 1916, 163, 332. 

Becker and Meyer, Ber., 1904, 37, 2550; Halui, J. prald. Chr„i , 1864, 93, 430; 
Boyen, AKnalen, 1862, 124, 57. 

Fonzes-Diaeon, Conipd. rend., 1900, 130, 1314 ; aLo de Lorerand and Eonzcs-Diacon, ’ 
Alin. OJiini. Fhys., 1902, jvii.l, 26, 247. 

^ Moser and Doctor, ZeiU-ck. unorg. Chein., 1921, 118, 2S4. 
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(5) Fairly pure hydrogen selenide can be otFained bv heatinL^ 
selenium witli several times its weiglit of resin or parailln wax. tlie tenn 
pcrature in the latter case being 335' to 340“ C. Tlie organic impurities 
are easily remoA'cd, being almost entirely eliminated at 00“ C. A good 
yield of the gas is obtainedA 

Plnj.sical Properties. — Idydrogen selenide is a colourless gas tlie odour 
of wliicli at first suggests hydrogen sulphide, but afterwards is unpleas- 
antly pungent, causing headache and affecting tlie mucous mem 'ora ne 
of the nose in such a way as to induce a form of catarrh. 

The liquefied substance solidiiies at —04" C. and boils at — 42" C. 
under TOO mm. pressure, the critical temperature being — 13S" C.- 
One litre of the gas at X.T.P. weighs 3-6715 grams. Tlie solubility in 
water at 4" C. is 3-77 volumes per unit volume of solvent, whilst at 22-5' 
C. water dissolves 2-70 times its own volume of the gas.^ Tlie gas is 
also soluble in molten selenium, being freed on solidification.-* The ('om- 
bination of hydrogen gas and amorphous selenium is accompanied by 
an absorption of 16-0 Cals, per gram-molecule of liydrogen seleiddc 
produced : with the use of the more stable moiioclinic and metrdlic 
forms, the values are 17-0 and 17-4 Cals, respectively A 

Clioniccd Properties. — Hydrogen selenide is not deeompo^^ed by 
daylight but it is sensitive to ultra-\'iolct ligb.t. In tlie ]>resence of 
moisture, oxygen rapidly decomposes the gas, but if tlic oxygen and 
the gas are both dry there is no action.'" It burns witli a ’nine ilame, 
producing water and selenium or selenium dioxide, according to the 
supply of oxygen. 

When passed over heated iron boride, the gas interacts, forming 
iron selenide and selenium boride.' With water no stable compound 
is })roduccd, although the existence of an unstable crystalline liydrate 
has been observed. Sulphur dioxide and selenium dioxide oxidise a 
solution of hydrogen selenide, the product in the latter case bei:ig red 
selenium : ^ 

Se02b'HoSe=3Se —211,0. 

^Vith ammonia, hydrogen selenide reacts at tlie ordinary tempera- 
ture with the formation of a wdiite erystalline mass of ammonium 
selenide, (XTTJoSe; the same eompound is produced by passing 
liydrogen selenide into a concentrated aqueous solution of ammonia at 
O'" C.. the air in the ajiparatus having been displaced by nitrogen. 

Ti}e Selenides . — Hydrogen selenide exhibits stronger acidic properties 
than hydrogen sulphide, and many of the heavy metai:^ may lie pre- 
cipitated as selenides from aqueous solutions of their baits under con- 
ditions generally analogous to those required for the preeipitadioii of 

^ Ftard and Moissan, Bull. Soc. ch'un., ISsO, [iid, 34, 60 ; aho 'Wuyt:^ and stewaL'i, 
Bull, cle Belg., 1909, 23, 0. 

“ de Porerand and Ponzes-Diacon, Cornpt. rend., 1002, 134, 171, 229 ; also OlszewsKi, 
Phil. Mag., 1895, [v.], 39, ISS. 

^ de Porerand and Ponzes-Diacon, loc. clt. 

Pelabon, Conipi. rend , 1893, 116, 1292. 

^ Kolia, Atfi B. Accad. Lincel, 1912, [v.], 21, ii., 278, 403 ; aPo Bt-riiu-lor , Cun'.pL rend., 
ISSO, 91, 18; 1875, So, 516; Moissan, Bu., 1879, 12, 2380; Pabre, Campt. rtud.. 1S86, 
103, 131. '' Moser and Doeior, Ztii-sch. anorg. Clum., 1921, iiS, 284. 

■ HotTinann, Chem. Zeit., 1911, 35, 713. 

^ de i'orcrand, Co)iipL rend., 1882, 95, 129 ; 1902, 34, 229. 

^ Ditte, Bcr., 1876, 9, 1432. 

Wendeliorsfc, Zeitsch. anorg. Chon., 1926, 153, 263. 
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sulphides ; manganous sclenidc may be precipitated trom slightly acid 
solution. Tlie selenides so obtained, howeA'er, are usually impure, 
oAvi ng to deposition oi* the metal or of selenium or the formation of 
complexes and double salts, and the pure selenides are best prepared 
by tlie metliods outlined below. 

In the wet way selenides are best produced by allowing the solution 
of the metallic salt to dro]) slowly into a saturated aqueous solution 
of hydrogen sclenide whicii is mechanically stirred. In this way the 
selenidc is formed in the presence of excess of hydrogen selenide, no 
excess of metal ions being at anytime present in the solution. ^ The 
alkali selenides may be obtained by the action of hydrogen selenide 
on the corresponding carbonates in aqueous solution in an atmosphere 
of nitrogen,- follou'ed by crystallisation from solution. 

The selenides may also be obtained by direct combination of the 
elements, cither by passing selenium vapour over the heated metal in a 
vacuum or by heating the metal with selenium in a crucible, the reaction 
being startcci by means of a magnesium fuse.^ In the case of ])otassium 
the reaction is cx})losive. Tlie compounds may also be obtained by 
the action of hydrogen selenide on the heated metal, ^ on the heated 
metallic chloride or its ^'apour, prclcralxly in the presence of nitrogen,^ 
or by reduction with hydrogen or carbon of an oxysalt such as a selenite.*^ 
Selenides haA'c also been ])repared by electrolytic methods." 

Tlie selenides of the alkali metals are white ^vhen pure, but generally 
appear pink owing to the presence of free selenium or of ]iolysclcnides, 
as also do the alkali liydroselcnidcs ; moreover they readily oxirdise in 
air, with separation of selenium. The selenides of the alkaline eartli 
metals are described as pink, but it is questionable whether they have 
yet been obtained in a pure condition. 

Aluminium and magnesium selenides arc very similar light 
brown powders, unstable in air. Zinc and iron (ferrous) selenides are 
more stable in air, tlie zinc compound being citron-yellow and the iron 
compound black and metallic in appearance. The latter liecomes 
brown in air owing to oxidation. Ferric selenide is dilllcult to obtain 
])ure. Cadmium selenide, whicli is dark brown, is very stable in colour 
and is used as a pigment. With thallium, selenium is said to form tliree 
distinct cojnpounds,'^^ but analyses of these compounds !ia\e led to 
discordant results. The selenides of aluminium, chromium and uranium 
cannot he j)]’e[>a.red in the w'ct way. Xickel selenide, unlike the sul- 
phide, shows no tendency to form a colloidal solution. 

As regards solu;.)ility in water, the general beliavdour of tiic selenides 
is analogous to that of the sulpiiides. Acyieous solutions of the alkali 
and alkaline earth selenides gradually undergo oxidation by atm()Sj)iieric 
oxygen and selenium separates, generally as the amorphous red variety, 
but sometimes as the crystalline modiheation. 

^ Moser and Atynski, J/onalsh., 1925, 45, 235. 

- Labre, Conijit. rtnd., 1886, 102, 613. 

^ Moser and Doctor, ZeiUdL. annrg. Chcia., 1021, 118, 284; Eonzes-Diacon, Compt. 
rend., 1900, 130, 1314, 1710 ; 131, 556, 704. 

^ Margotiet, 'ibid., 1877, 84, 1293. 

r onzes-Diacon, ibid., 1900, 130, 832, 1025, 1131 ; 131, 556, 701, 895, ]2()6. 

" Labre, ibid., 1886, 102, 1469. 

' dec Lisclier, Zdtdch. Elddrockaa, 1925, 31, 286. 

' Moser and Doctor, Zeifsdi. anorg. Gliem., 1921, 118, 284. 
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111 general, the iiieta.l sclenides correspond in connio^ition with the 
sulphides, are much less stable, oxidise quickly in air, and ivlien prenared 
in the wet wa\' cannot be dried Avithoiit some decomposition. Thev are 
generally deeper in eolour than tlie corresponding sulphides, a tact wiiicii 
is probably associated with the higiier atomic weight of selenium. 

Organic derivatives of hydrogen selcnide of the types R.Sell and 
lloSe are known. These arc generally prepared by distilling an alkali 
hydrogen selcnide or alkali selcnide with the corresponding alkylsui- 
phate ; thus for etliyl selenomer captan : 

KIISe + CJI^KSOi-CoII^Sell-rKoSOi; 
and for dimethyl selcnide : 

K 2 S c + d C 1 1 ;> KS 0 , — ( C 1 1 3 ) oS e -p 2 K oS 0 - . 

"With ketones in tlie jircsenee of concentrated liydrochloric acid, 
hydrogen selcnide yields heavy red oils, wliich decompose on distillation.^ 

FoIys-ele}iide^> of the alkali metals, of tlie type jLSc,-. where .r may 
be as many as 5, are known,- l)ut altliough organic derivatives such 
as benzyl disclenide (Cbll-joSeo are stable,^ no liydrogeii diselenide 
analogous to the sulphur and oxygen compounds lias been obtained. 

A tliioselenide of composition Xa^SeSo.niloO lias been prepared.^ 

Compounds of Selenium with the Halogens. 

Selenium Fluorides. — Two lluorides of selenium liave been de- 
scribed, lIjc Jtexdjluoride, SeF^, and tlie ieirajlwrridte SeF,. The former 
was obtained as a stable gas by the action of iluorine on selenium at 
78" C,'" Its boiling-point, incltiiig-jioiiit and. critical temperature are 
—-31*5" C. (ill a sealed tube), —39" C, and — Td' C., respectively. Tlie 
vapour density, 97-23, agrees with the formula SeF,^.^ Tlie gas does 
not attack glass. 

ITing a copper containing- vessel for tlie seleiiiuim Lebeau ' olitained 
a colourless liquid which lie analysed and eoneluded to be selenium 
tctralluoridc. By the same method, Iiowcatt. Lebeau later obtained 
a gaseous product the composition of wliieh approximated to SeF^ but 
which contained selenium in slight excess of tlic theoretical amount. 
Doubt was thcrefcrc expressed as to the exact nature of tlicse products, 
and Prideaux ^ has sliown that tlie liquid ])roduct described by Lebeau 
somewhat resembles in properties tlie oxyiluoride SeOFo. or tlie mixture 
SeOo-r-IIF. The existence of tlie hexailuoridc was subsequently 
acknowledged by Lebeau,^ and that ot tlie tctralluoridc has recently 

^ Lyoari and. Bradt, 1927, 6o, [BJ, Sd4. See also Shaw and Reici, J . Amj.r. Ch.Lin. 
Soc., 19dG, 48 , r)20. For the formation of magnesium bromo-derivaiives, see Mingoia, 
GazzeUa, 1926, 56 , S35. 

“ Bergstrom, J. Anier. Chtin. Soc., 1926, 48 , 146. 

^ Jackson, Btr., 1874, 7 , 1277. Me:^smger, Aid., 1897, 30 , 805. 

Prideaux, Tmn.'i. Chun. Soc., I9(i6, 89 , 316. 

” Ramsay, Coinpr. rend., P,)07, 144 , 1196. 

' Lebeau, (bid., 1007, 144 , 1042. See aLo iMois.-an, Aij'n. Chim. iByn, l89i, [vi.l, 24 , 
214 . 

Prideaux and Cox, J. Chiu/i. S(jC., 1928, p 1603. 

Lebeau, Cumpt. rtud., 1907, 145 , 190. 
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been established by Prideaux,i who has prepared it b\’- the interaction 
of selenium tetraeliloride and silver fluoride. A niixture o(; these 
compounds (1 part SeCbi to 4—5 parts AgP ) was heated in a platinum 
bottle to 50° to C. The reaction proceeded \4gorousiy and selenium 
tetralluoride distilled over as a colourless fuming liquid of density 2*r7 
and boiling-point 93° C. It could be readily condensed to a solid, w4hch 
melted at "^13-2° C. The liquid readily attacked glass, w'as hydrolysed 
by w^ater w'itli formation of selcnious and hydrofluoric acids, heat being 
CAmlved, and reacted wnth red pliosphorus, gaseous ihiorides of phos- 
. pliorus, selenium and selenium dioxide being ])roduced. It should be 
observed that the samples of tetralluoride examined by Pridcaux con- 
tained some oxyliiioridc (see p. 320) and the latter reacts in a similar 
manner tow’ards the reagents mentioned, as also to some extent docs the 
mixture of selenium dioxide and hydrofluoric acid, SeO 2 + 411F. Further 
investigation is therefore desirable. 

Selenium Monocliloride, SeoCl^. — This cliloride is most easily 
obtained by tlie action of chlorine on heated selenium, but it is ahvays 
accompanied by a certain quantity of the more stable tetrachloride 
which, how'CA'er, is less volatile.- It may be prepared by satinating 
with chlorine a sus])ension of selenium or a selenium mineral in carbon 
tetrachloride.'^ The selenium monochloridc is soluble in carbon tetra- 
chloride, wlhlst the chlorides of other elements present are insoluble. 
The monochloridc is therefore obtained by cA'aporation of tlic solvent 
after filtration. 

The chlorides of certain non-metals such as phosphorus have a 
similar action on selenium, possibly on account of previous dissociation 
wltli formation of chlorine.* 

In some commercial acids selenium is })rcscnt in tiic form of the 
monochloride, produced wlicii scicniferous suljdiuric acid is heated w'ith 
salt. On tlie addition of ferric chloride, the monocliloride gradually 
separates.^ 

A solution of selenium in fuming suljdniric acid gix’cs a gradual 
separation of the moiiocldoridc on the acldifion of hydrogen chloride.*' 

Selenium monochloridc is a clear rcddisii-brown licpiid of density 
(i)"’’ ) 2-T741, and can be condensed to a solid of melting-point - 85"^ C.~ 
Its odour somew'hat resembles that of sulpliur monocLloridc. The 
liquid lias a refractive index of 1-59()17 at 25 ' C., and its spccilic con- 
ductance is 5-]2xH)~" mlio. On \aporisat ion it iiiKhs’gocs partial 
dissocialion. Foiling commences at i 15 F., 1 he yihlowish-brown 

vapour containing tlie tetrachloride and a residue of selenium being 
obtained in the retort : 

2Se2Clo SeClj-r-3Se. 

^ Pridcaux and Cox, /or:, cll. 

- See Jieelvmann, Zcildch. anonj. Chcni., L)16, 84 , iOd ; J 'JO'J, 63 , 63 ; Z(aIsc/(.. 'j)h ij.siLal. 
Cliem., 1610, 70 , 1 . 

^ Lenliej’, J . Arnar. Chc/n. S<jC., 1620, 42 , 2468. 

Mieliacli.s, JalircAjer. Tochv., 1870, [ li.], 6 , 460. 

'' ]kIolcs and do Rubies, Aiidl. Fis. Qiii/n., 1613, ii, 73. 

Divers and Shunose, Trait.---. Chjnt. Sar., 188-1, 45, 168. Por a, iiKKldicalion ol Ibis- 
ractliod, see Raiiser, Cdson and Pn[)(‘, tha/., 1620, 117, 1 I.73. 

' Lenliej- and Kao, J. Atucr. Chc/ti. Aar., 1626, 48 , PldO. 

^ ZtdFch. jJiy.slbtl. (Jh( III.. 1610 , 70 , 1 ; also Kanisay, A a U . Soc. ch itn 1860, 

[j-4.], 3 ? Lol' the absorption spectrain of selenium nionoddorule vapour, see Gernez,. 

Compl. rand., 1S72, 74 , 1190. 
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The monochloride is soluble in various inert organic liouids. more 
particularly in benzene, chloroform, carbon tetraciuoridu and embon 
disul])hide, witiiout undcro-oino- chemical clianye. It is an cxotr-einnic 
com]X)und, its heat of formation from gaseous chlorine and tlie amor- 
phous modification of selenium being 22-1 Cals. ^ Water causes a e’radua] 
decomposition of the chloride, selenium dioxide and selenium beina 
formed : “ 

2 S e oCl 2 -f 2H 2 O = SeO o -t- 8Sc -f- dliCl . 


Selenium monochloride behaves as a strong ciiiorinatinir anent 
towards metals, metallic selenides and hydrocar])ons.'^ Piiospiioriis 
dis]daces selenium from the chloride with formation of pliO'^oiioriis 
trichloride.'^ Chlorine converts it into the tetrachloride. 

The action of liquid ammonia on selenium monochloride is exceedinglv 
vigorous and results in the deposition of red selenium. Tlie mono- 
chloride in ether solution, however, yields with liquid ammonia a pale 
brown amorphous compound of formula ScoXCld 

The constitution of selenium monochloride is uncertain : it inav be 
/Cl 


represented by Se : Se \ or Cl — Se — Se — Cl ; that the molecular weighd 

^Cl 


is in accordance with this formula has been demonstrated by cryoscopic 
investigation in solution in ethylene dibromide.® 

Selenium Tetrachloride, SeCl4. — This may be obtained as 
follows : 

(1) By the action of excess of chlorine on selenium or on selenium 
monochloride in carbon tetrachloride solution ; the tetracliloridc is in- 
soluble and precipitates as rapidly as it is formed as a wlnte ])owder : 


SeoCl 


3Cl2=2SeCl4. 


Baudrimont " obtained the tetrachloride by the action of ph.osplmrus 
pentachloride va]3our on lead selcnide. 

(2) By various methods from selenium dioxide : for example, by 
the action of hydrogen chloride, thionyl chloride or plios])lioriis penta- 
chloridc. The last-named is perhaps the most convenient clilormating 
agent. A mixture of the pentachloride and the dioxide is Iieateci. until 
chemical change causes it to solidify. Phospliorus oxycliloride can be 
distilled off vdth the aid of a current of carbon dioxide and tiie residual 
selenium tetrachloride purilied by sublimation.® 

SeO.W2SOCl.-SeCh-2SO. : 

Se02d-2PCl5-2P0Ci3-rSea,. 

The disappearance of selenium during the evaporation of a solution of 
selenium dioxide in concentrated hydrocliloric acid is probably due to 
the formation of the tetrachloride.® 


^ Thomsen and Burke, Tlierynocliernisiiy (Lonamans, Green X C'K, lOnS), p. 
- Sacc, Ann. Chiin. Phys., IS-tS, [iii.]. 23, 124. 

Lenhcr and Kao, loc. cit. 

Baudrimont, Ann. Cliira. Phys., 1864, [iv.], 2, 9, 37. 

^ Strecker and Claus, Per., 1923, 56, IB:, 362. 

^ Beckmann, Zeiisch. anorg. Chern., 1909, 63, 63. 

■ Baudrimont, loc. cit. 

^ Chabrie, BnJl. Soc. chiw., 1890, riii.], 3, 24b, 077 ; 4, 178. 

■ Meyer, Zeitsch. anal. Chern., 1914, 53, 14b. 
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(3) Selenatcs, on distillation witli sulphuric acid and sodium chloride, 
yield a mixture of selenium tetracldoridc and cLdiorinc : anhydrous 
selenic acid also yives an excellent yield of selenium tetrachloride on 
treatment with acetyl chloride at Vr' Cd 

Selenium tetrachloride is a colourless solid winch on heating vaporises 
witliout melting. Sublimation in an atmosjilierc of clilorinc is therefore 
a convenient metliod of purification. Tlie density of the vapour (which 
is yellow in colour) indicates that dissociation occurs to a considerable 
extent above 200'' C., althoiigli below tliis temperature tlie results are 
in accordance with the formula SeChj.- The iwoducts of dissociation arc 
probably the lower chloride and clilorinc. There arc indications that at 
higher tem]:)eratures (500' C.) the dicJfloride, SeC h, is Conned. When the 
tetrachloride is heated in a scaled tube witli selenium, the monochloride 
is produced.^ 

Tlic tetrachloride may ])c puriried by recrystallisation from phos- 
phorus oxychloride, from which, it separates as cubical crystals. It is 
practically insoluble in carbon disul])hidc. wliicii can tiiereforc be used 
to remove any monochloride present. Tlie 'heat of Cormation of tlie 
tetrachloride from chlorine and amorphous selenium is IG-1 Calories 

Water decomposes the tetrachloride, forming the dioxide, 

SeCl 4 -f 2I-I oO - ScO , 1 IT Ci , 

but if the quantity of water is very small, the oxycldoridc, SeOCL,, is 
obtained.^ 

The action of dry ammonia on a suspension of the tetrachloride 
in carbon disulphide gives ammonium cliioridc and tlie very exidosive 
orange-yellow amorphous solid nitrogen scicnide, 

Excess of ])hosphorus displaces tlie selenium from the tetrachloride 
with the formation of pliospliorus triciiloride." 

V\Ticn cojoper is hca,ted with tiic tetrachloride at 105" C. in an 
evacuated tube, tlie reaction ]u*ocecds according to tr.c‘ e(|uaiions : 

(1) 2SeC],--3Cu-:3CuC]o-;-Se,Ch. 

(2) ScoCUd-GCu^-^ 2CuoSc-j-CuCU. 

and, if the chloride is present in excess, 

(3 ) 2Cu,Se-h4ScXl tCuCU-i- 1 OSe. 

Selenium Monobromide, SeoBr^.----Tlds is produced together 
with the tetmbromide by tiic actioii of hvchiing loromim^ on sclcuiumd 
Tlie reaction, wliicIi is accompanied iiy considerable !ua\t cx'oiution, 
may be moderated by dissolving tlie bromine in carbon disul])iudc.^‘^ 
The substance can also he produc'cd by treading tlic tctraJiromidc with 
selenium at tlie ordinary temperature.^^ 

' Laml), A/,iej\ Clithi. 11)03, 30, 200. 

- Evans ami Ramsay, Tnois. Clu'tn. Soc., iSS4, 45 , (R. See also Simons, J. ylvK-r. 
Cherii. Soc., 1030, 52 , 

•’ id icdiaelis, J ((hro.slx-r. Tc.cJiyi., 1870, [ii.], 6, 400. 

Thomsen ami Riirko, L'Ac/'/nor./n'./n.ts/r?/ (L()nuinans. (liaam V (to., lOOS), o. 234. 
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It is a very deep red liquid Iiavino* a dcnsitv of d-CO at 15' C, : its 
odour is unpleasant. It is soluble in earl)on disiil]}]ii(:le and in cliloro- 
forin a.nd is, in its turn, a solvent for selenium. Wlien lieated, })art::il 
decomposition occurs, with formation of bromine and the tetrabromide. 
distillation taking place at 225° C. 

Tlic action of water on selenium monobroTnidc is analogous to tjie 
action on the corresponding chlorine compound, selenium and selenium 
dioxide being formed. 

Combination with bromine readily occurs, with production of tlie 
tetrabromide. 

Selenium moiiobromide reacts wdth gaseous ammonia in a similar 
waiy to the corresponding chloride. With liquid ammonia in tl'.e ]uescnee 
of ether, it gives the com])ound Se>XoBr.i 

From tlie fact that on reacting with organo-magnesiiim compounds 
selenium monobromidc gives rise to organic substances containing a 
chain linking, — Se — Se — , it is probable that the constitution is to 
be represented by Br — Sc — Se — Br.“ 

Selenium Tetrabromide, SeBr^, is formed by the action of excess 
of bromine on selenium or on selenium monobromide, tlie latter pre- 
ferably being in solution in carbon disulpliide, in order to moderate the 
vigour of the process.^ 

\Viien selenium dioxide is dissolved in aqueous liydrobromic acid, 
selenium tetrabromide is also formed : 

SeO.+^HBr SeBr 4 + 2 lBO. 

Its presence may be shown by the separation of potassium seleni- 
bromidc, K^SeBrg, on addition of concentrated potassium ])romide 
^solution. 

Selenium tetrabromide is a reddish-brown crystalline powaler whucli 
decomposes to some extent on warming, giA'ing bromine and the mono- 
bromide, but much sublimes unchanged. 

With sufUcient w’ater the tetrabromide is decomposed into tlie 
dioxide and liydrobromic acid. Carbon disuhihide and cFdoroform 
dissolve it to a slight extent. 

With the alkali bromides and alkyl ammonium bromides selenium 
tetrabromide can form crystalline aalditive connpounds of the type 
iMoScBr^, termed selenibnoraides. Indeed, by tlie action of bronime 
on linely divided selenium in the ])resence of concentrated liydrobromic 
acid, a solution is obtained wdiicli gradually dc]iosits deep red crystals 
of hydrogen selenibromide. H.^ScBi>^. The solution of tliis body in 
hvdrobromic acid on dilution wuth wmter undergoes decomposition 
Avitli liberation of colloidal selenium. Two reactions prol^aJTy occur 
concurrentb^ : 

(1) IIoSeBr,+3lIoO=IIoSe03-CHBr, 

and 

(2) IIoSeBrc-hHoO =Se-hBro-:3HBrd-nBrO. 


^ StreekcT and Claus, Ber., 1923, 5^, [Bj, 362. 

- Pieroni and Coli, Gazzella, 1914, 44 , ii., 349 ; Picroni and Balduzzi, dnV/., 1915, 45 , 
it, 106. 

^ iSclmcidcr, A-nn. Phys. Clicm., 1S66, [ii.], 128 , 327. 

XoitIs and ^lommers, J. Ai'»icr. Chon. X'or., ]90o, 23 , 4S6 : Gutuier and others. 
J. pral'l. Chew., 1912, [ii.], 85 , 321 ; KoIIoid-Zeitsch., 1914, 15 , 193, 210 . 
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Tlic pofcifismm and animonium seleni hr amides have been prepared 
bv dissohann; selenium dioxide in ]iydro])romic aeid aiid acidino- eitlier 
potassium or ammonium bromide. Tlic sdenibromides arc orano-e-red 
in colour and are decomposed by water into sclcnious acid, liydrogen 
bromide and tlic alkali bromide, yielding colourless solutions. ^ 

Selenium tetrabromidc and sulphur trioxide yield the additive 
compound SeBr,j. 2 S 03 in the form of bright yellow needles which at 
iro'' C. 1 ‘orm the yellow compound SeOBr 0 . 803 .“ 

Selenium Trichlorobromide, SeCL.Br, Selenium Dichlorodi- 
bromide, SeCLBro, and Selenium Chlorotribromide, SeClBro, 
have been described as yellow crystalline compounds, the first being 
obtained by the action of chlorine on selenium moimyoromide and the 
last by the action of bromine on selenium monochloride, while the 
intennediate body has been obtained by the action of clilorinc on a 
mixture of selenium tetrabromide and monobromide. ^ 

Compounds with Iodine. — ^The freezing-point and vapour pressure 
curves for nhxtures of selenium and iodine give no indication of any 
combination between these two elements and no definite compounds 
have been obtained by any chemical process.^ 

By the addition of iodine to a solution of phos])horus selenide, 
P^Se^. in carbon disulphide 'Slai ^ has obtained as a solid substance, 
tetrap)hos 2 oJ/onis di-iodide trisdenide, on rapid heating 

melts at 154"' to 155" C. 

Selenium Oxyhaiides. 

Selenium Oxyduoride, SeOF.,. — ^\Vhcn dry iiydrogcn fluoride 
vapour is jjassed over selenium dioxide, the former is ra])idly absorbed, 
the prodiK't lio^ucfying and becoming \varm.^’ From, tlhs liopiid Pridcaux 
has isolated a product approx imatiipg to the eomj)osition SeOo.oIIF, 
but a definite oxylluoridc docs not appear to l)e obtainable by this 
method. I'hc oxylhioride, SeOF. 2 , may be j^repared ' by ipassiug 
sclciiium oxychloride vapour over sihxT fluoride at l i-O' to 200 ' C. ; 
tlic reaction begins suddenly, and copious fumes arc cvoi'W'd wliicli may 
be condensed to a colourless liquid of density 2-07 and lioiling-jioint 
124“ C. This solidifies to an iec-iike mass wiiich mciils at •?*() C. Glass 
is readily attacked by the liquid or vapour, a white deposit of selenium 
dioxide being J'ormed : 

2ScOF2+SiOo = 2SeOo-rSiF,. 

Tlie reaction witli red phospiiorus is \'ioient and accompanied by 
inflammation, tlie products being similar to tliosc described witli the 
tetralluoride. Tlic oxylluoridc is hydrolysed by water wiili c^a)lutioll 
of heat. 

Selenyl Chloride, Selenium Oxychloride, SeOClo, may be pre- 
pared in the following ways : 

^ Murlrmann and Schafer, Ber., ]S03, 26, 1008. 

“ Prandtl and Borinski, ZciUch. anorg. Chan., 1900, 62, 237. 

■' Evans and. Ramsav, Trans. Chan. Sac., 1884, 45, 02. 

! PorlviSG y/.; 7? TS..,,rr.i ] OnSi P.'l H' ^ rirrn 
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( 1 ) By adding the calculated amount of dry selenium dioxide to selen- 
ium tetrachloride suspended in carbon tetrachloride. The oxychloride 
formed in tl^e cold dissolves in the carbon tetracliloride, from* vdiicli it 
may be obtained by distillation. Carbon tetrachloride distils at 70' to 
77'' C., while the selenium oxyciiloride distils over at 17G-4' C.^ 

(2) By tlie partial hydrolysis of selenium tetrachloride : 

ScCl,+I-LO — > ScOCh-f 2HC1. 

The tetrachloride may either be used alone or suspended in carbon 
tetracliloride.- 

(3) Vdlien selenium dioxide is lirought into contact witli drv hvdrogen 
chloride at lore temiDeratures, an amber-coloured liq^uid is obtained 
having tiie formula SeOo.2HCl (see p. 325).^ By dehydration of this 
compound, using phosphorus pentoxide, calcium chloride or otlier 
similar dehydrating agent, selenium oxychloride is formed and can be 
separated by distillation. 

This reaction may also be effected by mixing togetlicr tlie selenium 
dioxide and the dehydrating agent, passing in hydrogen cldoride in tlie 
cold and then distilling off the oxyciiloride.*^ 

(4) When a mixture of selenium dioxide and selenium tetracliloride 
is heated in a sealed tube, selenium oxychloride is formed : 

SeCl.i-fSe02=2Se0Clo. 

(5) wSelenium oxychloride is also formed wlien selenium dioxide is 
heated witli sodium chloride : ^ 

2SeOo-h2XaCl = Se 0 Cl 2 ~XaoSe 03 . 

Selenium oxychloride is a nearly colourless liquid ha\dng a boiling- 
point of 17G-4‘' C. at 72G mm. Its melting-point is 10*3 ' C." At 20" C. 
it has a refractive index of 1-651G. The specific conductivity of the 
dry liquid at 25° C. is® 2-0 (±0-3)xl0-^ mlio. The oxychloride is, 
however, extremely hygroscopic, and the presence of traces of water 
causes a considerable increase in tlie electrical conauctivity. The 
presence of the merest trace of water can be shown ^ by sealing up a 
sample of the oxychloride witli cobalt carbonate whicai has oeen dried 
at 200° C. for three hours : a blue colour gradually develops if moisture 
is present. 

Selenium oxyciiloride absorbs all light up to a wave-length of 
4050y/x. It is miscible with chloroform, carbon disulphide and benzene 
without ciiemical change. It is also soluble in carbon tetracliloride, 
but after a time reaction takes place with formation of selenium tetra- 
chloride and carbonyl chloride.^® At the ordinary temperatures 
selenium oxychloride is not miscible with the paraniii nydrocarbons, 

^ Lenher, J. Amer. Chem. Soc.^ 1920, 42 , 249S. 

^ Lenher, loc. cil. 

^ Ditte, A'/di. CJiint. Phys.^ 1S77, [5j, lo, S2. 

Lenher, loc. cit. 

^ Cameron and Macallan, Clicm. iSS9, 59> ? Fs-j, J . A't>.if. Soc., 1923, 

45, 2090. 

^ Cameron and Macallan, loc. cit. 

‘ Lenher, Smith and Town, J. Physical Chem.^ 1922, 26 , 156. 

s Julien, J. Aj/ier. Chem. Soc., 1925, 47 , 1799. 

^ Lenher, ibid., 1922, 44 , 1664. 

VOL. VII. ; LI. 
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but at higher temperatures (150^ to 160'' C.) it is completely miscible 
with higher paraffins such as vaseline. 

Selenium oxychloride, when distilled under reduced pressures, has 
a light straw colour, but when distilled under atmospheric pressure it 
decomposes slightly and becomes reddish-brown ; this decomposition 
reverses to some extent on cooling. 

At temperatures between 265" and 290" C. there is a small amount 
of dissociation, since the mean value of the molecular weight over this 
range of temperature is i51'4- (SeOClo = 166‘j2). Tlie loliowing decom- 
positions occur to a small extent at or near tlic boiling-point under 
atmospheric pressure : ^ 

2SeOClo SeOo-rSeChi, 

2SeCl4 ' SeoCIo-h3Clo, 

2SeoCU SeCU-|-3Se; 

iSeOClo SeXIo--!-2Se02-h3Ch,. 

The vapour pressure of selenium oxychloride has been determined 
at temperatures between 84-3" and 117*2'' C. It can be ex]v;essed by 
the formula “ 

logP = 5*85'03-!-()*000219T-830*9 (T-178), 

where P=pressure in mm. of mercury and .'ZU^absoIutc temperature. 

The dielectric constant of the oxycliloride lias been determined^ at 
0", 10° and 20° C. by SchmidUs modilicauion of Drude's method. By 
this method it has been shown th.at the liquid lias a \’cry liigli dielectric 
constant, 4G-2itl at 20° C. and 5I*00:3_-()*5 at 10" C., and solid selenium 
oxychloride has the constant lG*8Hi2 at 0° C. 

Sulphur, selenium and tellurium <rre soluble in tlic oxycliloride in 
the cold, but on heating, reaction may talcc place. Sulpliur interacts 
to form selenium monocliloridc, suhhiur monochloridc and sulphur 
dioxide. Tellurium is converted into its tetrad iloridc. Both red and 
yellow phosphorus react violently witli tire oxychloride, ibrming ])hos- 
phorus pentoxide and selenium mono- and tetra -chlorides. Carbon, silicon 
and boron are unattacked. 

Selenium oxychloride can be used to sliow tiiat tiic essential diiLevences 
between the adsorptive properties oT '' retorted carbon and '' acti- 
vated '' carbon are due to the presence of iiydrocarhoiis in the former. 
After extraction of tim liydrocarl^ons with scleihiim oxydiioride the 
'“retorted” carboii sliows the same adsorprix'c jv'oiicrtics as carl^on 
which has been activated by steam at high tcnipcraturcs. 

The majority of tlie metals and timir oxides iiuca’act with selenium 
oxychloride, the vigour of tlie reactio 2 i dcpc:uling on tlic metal and on 
the temperature.^^ Tungsten, tantalum and titanium arc, liowever, 
only slightly attacked after long treatment at liig]- temperatures, and 
the oxychloride may be employed as a reagent for tlm separation of 
molybdenum and tungsten or of nioLhinUi and tantalum.'^ The behaviour 
of metallic sodium and potassium is interesiing. Th.c latter reacts ex- 
plosively, whilst sodium is unaffected even when tlic oxycliloride is 

1 Lenher, Smith and Town, J. Physical Clitm., 1.922, 26, I06. 

^ Lenher, Smith and Town, Joe. cit. 

^ Wildish, J. Arner. Chem. 80c., 1920, 42, 2607. 

^ Ray, ibid., 1923, 45, 2090. 

^ See Merrill, J. A?/ier. Clie^n. Soc., 1921, 43, 2383. 
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distilled over the metal. Cupper rcact-r. with the h./uh’ a ^ee'eh hite 
according to tlie eoaiation 

oCu— dSeOCK-^oCuCL-XheO^ — C: . 

seleiiides being formed as intermediate '>rv.ouet-. Sie.n-:’. :hehc: end 
cobalt react similarly. i)ut \vry sieuiy : ihe rea-ni-e. is naan* inmin 
with lead, but tliere is no evidence m‘ inte!nne--I:a:c seieniae anna::- a:. 
AVitli the oxides under similar concihimis ii:e ineta: eiharine nnh -e'enim:: 
dioxide result ; witli red lead or lead diuxitie. c:i!i.r:na ai-:* is f v. ie.-h. 

Dry hydrogen sulpliicle interacts \\-itii selenium oxyelh. rine ^^:ti. :;.e 
ibrmation of yellow selenium su!]):ddc and e\nau:irn -f hyhrona:. 
eliloride. There is a development of !\eat wnieh diss^;eia:es *h • "^ iriniim 
sulphide into sulphur and red selenium. Sul huir nii,;xivie i.as acti^.n 
on the liot aniiydrous oxyeidoride. but if water is nicse!:: there is a 
deposition of selenium. Sul]hiur iiioxide is solunle in >eleniu:n oxy- 
chloride, forming a thick solution wiiich is a very powerful solvent for 
the oxides of the rare eartli metals. \\h:en tlm oxychlm'ide is brought 
into contact wdth llnely divided barium sulphate, tlie latter is at once 
peptised and becomes gelatinous in appearance." imt when sulweopientjy 
treated wdtli water tlie sulphate immediately changes back to the 
ordinary form. 

When the oxychloride is warmed witii potassium perdisuiphiate, 
chlorine is e\'olved : if sulphuric acid is present the reaction occurs in 
the cold. Chlorine is also evol\-ed from selenium oxychloride when 
warmed witli telluric or selenic acid. 

Car])on monoxide has no action on selenium oxyeidoride.- Water 
causes decomposition of the liemid into selenium dioxide and hydrr^gen 
cldoride. Anhydrous ammonia reacts according to t-.e ec[uatio!i : 

6SeOCU-rldXno = oSeO.— 3Se-:?Xo-12Xn X'L 

If tlie oxychloride is applied in dilute l)enzene solution some nitrogen 
selenide or selenium nitride is also ibrined.^ With liouid ammonia 
in the ]yresenee of etlier in o|*en '\'esseis, tne primary proouet is 
the compound SeOC].2.dXlID, winch is aeecmposcci by water into 
selenium, selenium nitride, ammonium eiiloride. ammonium selenite 
and selenious acid ; in a scaled tube, selenium nitride is lormea in com- 
paratively good yield. = 

Protein materials such as hair and silk are soluble in tlie com oxy- 
chloride, but cellulose is not aiieeted. 

Selenium oxychloride reacts witli unsaturated liydrocarlions and 
ketones to Ibrm wcll-delined cip'stahine addirit’c compounds.-' winch, 
licwevcr. arc not very stable, being readily d-cconiposec- Py bGirmg water 
to yield tlieir components. 

It has been shown that when various rubbers are treated \vitli the 
oxychloride, their physical pro];erties are clianged and tliey become 
amorphous powlers, insoluble in the oraiiiary solvents lor rubber^ 
According to Prick tlie beliavioiir towards bclcinum oxycliloride 

^ Lenlier, J . Arner. Chun. Soc., 1921, 43, b2. 

- Lenlier, ibid., 1922, 44, 1664. 

^ Lenlier and fVolesensky, ibid., 1907, 29, 215. 

Strecker and Clans, Ber., 192.3, 56 [Bj, 862. 

^ Muller, Chun. Zuf., 1919, 43, S43. 

Frick, J. Amer. Chem. Soc., 1923, 45, ISOO. 
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indicates that there is no difference in empirical composition between 
the pure rubber hydrocarbon from the Hevea tree and the synthetic 
rubber made by polymerising isoprene with metallic sodium. 

With some 'metaVlic chlorides, selenium oxychloride forms additive 
compounds, for example ; ^ TiCl4.2SeOCio, SnCi4,2SeOCl2, SbCl^. 
2SeOClo. FeCl^/iSeOCI,, KCl.SeOCU, RbCLSeOCl^, CaClg.BSeOClo, 
hlgClo.^'SeOCI.. The anliydrous chlorides of lithium, sodium, copper, 
silver, strontium, barium, zinc, cadmium, mercury, nickel and cobalt 
apparently do not combine witli tlie oxychloride. Arsenic trichloride 
is miscible in all ])ro])ortions. 

Wlien distilled with powdered sodium bromide, selenium oxychloride 
is converted into selenium oxybromide or selenyl bromide, SeOBr^, a 
dark red liquid which solidifies to yellow needles ^ (see below). 

Sulphur Selenium Oxytetrachloride, SeSO^^Cl^ or SeCl^.SOg. 
— This can be produced by the direct combination of sulphur trioxide 
and selenium tetrachloride^ It has also been obtained by heating 
selenium tetrachloride with chlorosulphonic acid, sulphuric acid, pyro- 
sulphuric acid or sulphury! chloride, 

SeClH-CLSOoOH-ScCl.a.SOs-l-I-ICl, 

also by the action of pyrosulphuryl chloride on selenium (see p. 301 ),^ 
and by heating a mixture of sulphuryl and selenyl chlorides at 170° to 
180° C. in a sealed tube : 


S 02 CU-hSe 0 C].,-SeS 03 Cl 4 . 

Tlie ]3r()duct of tliese reactions is a fairly stable colourless crystalline 
solid wliicii melts at 105° C. and boils at 185° C. When vaporised it 
is largely dissociated, the vapour density at 210° C. beiiig a])proximately 
one-third of tlie theoretical. 

Water decomposes the substance with the formation of selenious, 
sulphuric and iiydrocliloric acids. 

The constitution of the substance has been represented by the 
formula 

O Cl 

Cl— S— O— Se— Cl, 

6 Cl 

but Prandtl and Borinski consider that it is better represented as a 
simple additive compound, SCCI4.SO3. 

Selenium Oxybromide, SeOBro, may be jwepared ^ by adding 
the calculated amount of fused selenium to pure selenium dioxide in a 
cooled flask and drop})ing in the requisite quantity of bromine slowly. 
The mixture is then warmed until the wliole of the oxide lias dissolved. 

The oxybromide is a reddish-yellow' solid, melting at 41*5° C. It 

^ Wise, J . Amer. Chem. Soc., 1923, 45, 1235. 

“ Glauser, Zeiisch. anorg. Chem.^ 1913, 80, 877. 

^ Rose, Ann. Phys. Chem., 1838, [ii.], 44, 315. 

^ Clausnizer, Ber., 1878, ii, 2007 ; Prandtl and Borinski, Zeitsch. anorg. Chem., 1909, 
62, 237. 
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has a boiling-point of 217“ C. at 740 mnn. witli coiibiderable decom- 
position. It decomposes so readily on heating that ir cannot ije nurified 
by distillation even under reduced pressure. Its electrical conduct ivirv 
is 6 X 10“^ mho at 40“ to 50 “ C. 

It is slowly converted by water into a mixture ro‘ ^eieniun- and 
hydrobromic acids. It is soluble in carbon di-ul]dade, e’dmxabrm. 
benzene, toluene, xylene and carbon tetrachloride. 

Selenium oxybromide is a verv active chemical axent. It I'cae:^ 
with sulphur in the cold with the evolution ofsuhhmr dnmidc. aini wiri: 
selenium to form the monobromide. Pho'-mimnis reacts vioientiv witii 
tire solid : silicon and carbon are unattacked. 

The majority of the metals react with selenium cxylv'Cnidc with 
the production of the corresponding metal bromides, sclcninn; hioxi^ic 
and selenium monobromide. Zinc, cadniiuim chromium, niehch cobait, 
tungsten and tantalum,, however, are not attacked c's'cn alter na*oiongco 
heating at 100“ C. 

Potassium chlorate liberates IjromiriC from tine oxyliv ndide, whidt 
potassium perchlorate, permanganate, dieliromate and enromium tri* )xide 
are without action on it. 

By bubbling dry air at GO" C. through the oxybromide. iweanine is 
liberated ; this is stated b\' Lenher to be due to a v.rimary oisNoeiatioiL 
into the dioxide and tetrabromide, followed by a secenLiary disr^ociatinn 
of the tetrabromide into the monobromide and bromine. 

Carbon monoxide and sulphur dioxide iuoee no actioi: on ti:e oxy- 
bromide. 

Chloroselenic Acid, (Se03.HGl)o, lias been described as a ])a!e 
yellow liquid obtained when dry hydrogen cliloride and selenium 
trioxide (see p. 331 ) are allowed to com, bine in a ecoled \-cssei.^ It Ims 
a density of 2-26. and solidines at —40’' C. It fumes in air owing to tlie 
escape of hydrogen ciiloridc, which gas is also evolved on lieating. 
selenium and selenium dioxide remaining. 

Chloroselenic acid dissolves readily in water, mueii i'.eat being evoh'ed 
and selenie and hydrochloric acids being formed. It is decom])osed 
by alcohol witli precipitation of selenium. It dissoh'i-s \vitiiout decom- 
position in selenium ox}x*liioride. but is insoluble in ’nxmzcne, carlmn 
tetrachloride, chloroform and etlier. 

Molecular weight determinations give wilues in agreement wirii the 
double formula. 

When 6-eIeniuni dioji'ide is similarly treated with dry hydrogen 
chloride, two additive conipoiuid.s. Sc03.4irCI and SeOo.2HCI. are 
obtained. The former is a yellow acicular crystalline solid, stable at 
0° C., whilst tlie latter is a yellow liquid stable up to 170' C. and dis- 
tillable at this temperature witli some decom])Osition into its con- 
stituents.- The liquid cam absorb liydrogen ehiloride in amounts 
varying with the temperature. By tlie action of dei'.ydratiiig a.gents 
selenium oxychloride may be obtained (see p. 321 ). 

With liydrogen bromide, selenium dioxide produces a rather more 
stable crys-taliine compound, wSeOo-lHEr.^ 

^ Worsley and Baker, T/UjiS. Cheat. h>oc., 11)23, 123 , 2s7i). 

- Ditto, Ber., 1876, 9, 1130, 1432 : AiH). Clum. Fhi/a., ns77, g'. , 10, 82 , Parker and 
Kobinson, J. Chon. Soc., 1928, p. 2853: Hoiimann and Lenher, J . A.incr. Chtm. Sue,., 1929, 
51 , 3177. 

^ Ditto, loc. clt. 
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Selexiu^i axd Oxygex. 

The affinity oi‘ selenium for oxygen is less than that oi sulphur. The 
dioxide, SeOo,^ is well dehned. The trioxide, SeO., is ]nuch less stable 
than its suipiiur analogue, and until receatly all attenpits to isolate it 
have been unsuccessrul (see p. 831), Selenium sesqiiioxide, SeoOo, 
lias not been definitely isolated.^ An oxide of composition SegO/lias 
been described,- hut its existence needs confirmation. The existence 
of a lov'er oxide, SeO, postulated to explain the cluiractcristic odour of 
selenium wlicii A’apoiised in air, is im])r{)l)alile.‘' 

Selenium Dioxide, SeO.,, may be prepared by the oxidation oi' 
selenium, eitlier by i^urning in a stream of air or oxygen, or bmtter by 
tlie use of a stream of nitrogen dioxide and oxygen, tiie latter ])roeess 
being capable of yielding a very ]mre j^roduct.'^ If oxygen is ])asscd 
ill a rapid stream tlirough. fuming nitric acid and then over se'enium 
lieatcd to its melting-point, tiic selenium luirns witli a brilliant blue 
llame and a sublimate of dioxide is obtained.^ The more ra]hd the 
supply of oxygen the purer is the product. Tiie dioxide thus obtained 
may be purified by sublimation in a current of pure dry oxygen. Tlie 
oxidation appears to be greatly affected by eatalytie inllucncc. acidic 
substances acting as posith'c catalysts, vhile alkaline materials, including 
glass, act as negative catalysts. The dioxide is also precipitated wlicn 
o/oiie is passed through a solution of selenium in selenium oxychloride.^^ 

The oxidation can also be efiected in the wet way liy the use of nitric 
acid. Tlie crude dioxide pre])ared in this way can be purified by 
sublimation.' 

Sulphury! fluoride in tiie absence of air reacts whli sch^nium A'apour 
in a glass vessel according to tlie equation : 

2SO oF 2 -r SiO .> A Se “ 2SO -- SiF ^ SeO 

Selenium dioxide forms lustrous, colourless, ncedle-siiapcd ervstals. 
wliicli readily sublime on warming. It lias a density of 8-05 ! at 15 ' C.'^ 
It can be fused by heating in a scaled tui)e to about 8 ii) C.. tlie li(j[ui(l 
being orange-yellow in colour, wliilst tlie \'ap/Our is ycliowish-grccii ; 
llic change is reversible and tlie colour is not attr!buia:)lc to (liss(u*ia- 
tion into selenium and oxygen. The crysials arc iiygroscopir a.)id a,]'c 
soluble ill water, alcolsoL arid sulifiiurie. selenie and ace; ic' a,eicls : one 
])art of scle!uu!ii dioxide dissoi\'es in 2-57, 2-(; a^nd 2-5 1- qarls of water 
at 11 ■8q UU and loUt' C., resimctively. The sohiliems ol‘ tim oxide in 
warm concentrated sulnliurie andi selenie acids ai’c distincth' \ollow. 
but become lighter in colour when cooled. 

^ Cainei’oii and Macallan, J^roc. Je>//. iSS'.f, 46 , III. 

- KoTU'k, Ber., JUIS, 51 , 872. 

■' Sacc, Atiti. C/lluI. 1817, [ni.J, 21 , Ml!, ('hahric, dad.. ’8iM), Pi.!, 20, 27o ; 

Peirce, Amtr. J. Set., 181)6, [iv.], 2 , 163. 

^ Mever and Jannek, i>V/'., 1613, 46 , 2876. 

^ Meyer, ibid., 1022, 55 , [P], 2()S2. 

Hod’mann and Lcnlior, ./. AL//i(.r. Cltr.m.. Sue., ii)2i), 51 , 322!). 

' Dennis and Koller, thtd., l!)10, 41 , 040 ; also Thoin.ofi, /dv., 186!), 2 . SOS. 

Moissan and Lebeau, Bffll. So/:, cltriit., 10<')2, [iii.], 27 , 261. 

'■ Claasnizer, Annalen, 1879, 196 , 265. 

Chabrie, Ann. Chirn. Phys., 1890, [vi.J, 20 , 2d2. 

Meyer and Langner, Ber., 1927, 60, [B]. 285 ; Weller, ibid., p. 649 ; Merer, ibid., 

.A nru-k 
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Selenium dioxide is an exotliermie cumnouna. tne ..eat cl' torn -at ion 
being 57-2 Calories per gram-nioieeule. reierred to virreous seieniiinn 
whilst the value is scmewl-at less for the inonoehnic element and less 
still for “ metallic seleiiiumd 


TliC absorption spectrum of selenium dioxide vanoiir eonrains n^omv 
of lines, partieuLarly in the blue and violet. - 


The dioxide is easily reducible 

to t: 

ae t*iCine:il : 

'xmen aviueous 

solutions are exposed to light, ree 

nlish- 


ohoim selenium 

slowly separates. The freezing-poin 

c, sol 

ability and i 

.amour pressure 

curves for the aqueous solutions indicate 

the piV'^enee 

ot one hwlrate 

only, namely the }noiioiiijdrafe, SeO..! 

i^O.- 



Heated in a current of liydrogen 

or i: 

:i a scalcvi tu: 

oe w'xAi suip..iur 


(in the absence of airj, tiie element is liberated, suiohur dioxide ai^o 
being produced in the latter case." In the absence of moisture, sulphur 
dioxide does not reduce selcniuzu dioxide.^ but hydroxylaniine. 
hydrazine and plienyihydrazine reduce the solution in ai^solute alcohol.’’ 

AVlieii heated with sodium chloride the dioxide gives a distillate of 
oxychloride : ' 

2 S eO 2 2 1\ aC I — Xa 38 eO 3 ~ S eO C 1 o . 

Hydrogen chloride is absorbed with formation of unstable additive 
compounds, Se02.2HCl and wSeOoHlICl .see i). 825 j, botli of whdeh 
dissociate readily. Additive Cvunpouiids are also formed witli iiydro- 
(luorie, Itydroimoriiic and Inviroeyanic acids. 

Sulphuryl chloride is without action on the dioxide, but thionyl 
chloride attacks it on warming, according to the equation : * 

2SOCI2 — SeOo^SeCl.;— 2SO2. 

Combination witli sulphur trio.xidc readily occurs on warming, giving 
an easily fusible crystalline compound, ScO.-SO^. whicli docs not fume 
in air :*“ the same product is obraina,ble by clissolm ng tiie dioxide in 
fuming sulphuric acid.^^ With ordinary hot sulphuric add selenium is 
converted into the sulphoxide, SeS03 i^see p. 88S), liydrogen selenide 
and some amorphous seieniumd- 

Pliosphorus pentacliloride acts on selenium dioxide with the forma- 
tion of the tetrad iloiide, whilst phosphorus trichloride yields brown 
amorphous selenium : in tliese reactions phospliorus oxychloride is also 
formed. 

Carefully driedt anmiouia reacts with the dioxide in solution in 
absolute alcohol, th.e product having been variously described as 
auunniiiu'iii seletwsaniaie, Xiio-SeOo.X'^H and as an atmuonium e/by/- 

^ Thoni^eii and iiurke, ./’At / .'//or/Z-, //>/-// a ( Lo-nriaaii--, Gre.-n X L'u.. leaS.. }). 2-1. -.t. 

- Gernez, Coi/tp!. rc/uL, iS72, 74. 

^ Maaciiot and Ortner, Ztilc^ch. cut'jKj. Clnn-., il;22. 120. o'H). 
iviage^, Ohcffc. ZilL, 1 .S 9 .S, 22, 441 ; : Kraiit an-l Srciiu-r, Bi:.. Idi'l, 34. Ad-. 

^ KSchnlze, ibul., 18S5, 18 , 655. 

Hinsberg, ibid., 1891, 24, 5. 

' Cameron and Jviacallaii, Froc. Roy. Soc., l89U, 46 , 55. 

® Pridcaux and Oliilotr, J. Chem. Soc., 1926, p. 167 ; Diiir-, Is76, 9 , iioU, 1432 ; 
A/m. Chim. Rhys., 1877, [r.], 10 , 82. 

^ Lenher and Xorth, J. A./icr. Chan. Soc., 1907, 29, 33. 

Oletzner, d/i/n Chim. Rhys., 189$, 831. 

Weber, Rcr., 1888, 19 , 3185. 
de Coninck, Compt. rend., 1906, 142 , 571. 

Cameron and Alacallan, Proc. Roy. Soc.. ISSS, 44 , 11-. 
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selenite, CgHs.O.SeO.^.NHi.^ Possibly the nature of tjie product is 
dependent on the exact conditions prevailing during the reaction. 
Phosphine reacts in a diiferent manner, tiie main products being free 
selenium and diethyl selenide.'*^ 

With a solution of selenium dioxide in ?6‘r/amyl alcohol, ammonia 
throws down a white compound, vrhich has been described as 
arnvionmni aviylselenite, X’H4,C5i-iii.Sc03. The reaction may be repre- 
sented thus : 

C,HnO. 

C.Hi lOH -i- SeO o - >Se - O, 

C.HnOx 

>Se -0 -f XH3 = >Se- 0 . 

This ammonium amylsclenite decom})oses slowly on standing in air, 
liberating red selenium. Tiie action of light liastens the rate of tlie 
decomposition.'^ Hydrogen sulphide produces a dark orange-coloured 
preci])itate from tlie solution in hoamyl aicoliol.'^ 

Tlie oxidation potential ol' the system SeO^-Se lias ])een iirwsti- 
gated.’"' 

Selenious Acid, H^SeO^. — If a concentrated solution of selenium 
dioxide in water is evaporated in a vacuum o\ cr sulpliuric acid, crystals 
can be obtained liaving the composition lioSeO^.^’ Similar crystcis 
can be obtained by recrystallising selenium dioxide from ariueous 
acetic acid, wclicn tlie dioxide scjiaratcs in tiie liydratcd condiiion." 
i\loist benzene in ay also be used as solvent.^ 

Selenious acid may lie ])rcpared direct iy !‘rom ‘‘ anode slimes '' iiv 
oxidising with nitric acid : on evaporating down to a syru])y eonsisteneV 
and allowing to cool, crystals of the crude acid may })e obtained, wliic'h 
can be purilled by repeated recrystallisatio.'i i‘rom water. 

Selenious acid is a crystalline solid liaA'ing a density of d-OO at ] n C. 
Tlie crystals are dehcmesccnc in nKusi air, whilst in diy air they graduallv 
lose their combined water, witli the formation <>!' tin* dioxide ; this loss 
of water is accelerated by heat. Tiie acid is very solubic in water, 
solutions of it being obtained if selenium is oxidised in tiie presence oj' 
waterd^ 

Towards oxidising agents selenious acid is mucn moi’c^ si able tlian 
sulpjiiirous acid. Tliis is in accordance witii the* oi>ser\'at ion tiiat in a 
series of related elements, witli increasing atomic wcigiit there is oener- 
ally a decrease in the relahA e stability of the iiigiicc’ oxidaticjn jiroducts, 
as is illustrated by tiie groups X/Jv, XoO,3; AsT.).>, dvs.o/; 

^ Divers and Haga, P/oc. 0 /u/n. Sac., IsDU, 15, 10 !. 

2 Cameron,, Chewi. 18'.)2, 66, 27 i. 

2 Curtis and Burns, J. Ai/ter. Chem. Soc., .1017, 39, 37. 

Curtis and .Burns, loc. cit. 

^ Carter, Butlej- and James, J. Che//'. Sue., 1026, p. d.’yO. 

^ Micliaelis, Zeil-sch. Chern.., 1870, fn.], 6, 4()(). 

' Hinsberg, Per., ISO I, 24, d. 

Chabrie, Am/. Chin).. Pkijs., .1890, [vi.i, 20, 2(/2. 

^ Dennis and Koller, J. Ahier. Chen). Sue., ]1)U), 41, 940. 

Clausnizer, Btr., 1878, ii, 2010. 

For density and freezing-point determinations on a(j[iiccus solutions of the acid, see 
de Coninck, Bull. Acad. rov. Bela.. 190.7. n. 1.70 • n-.-ir.vn 
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Bi 205 ; and CO, COo : SiiO, SiiO^ : PbO. PbO TEc aci-:i cr: 
oxidised to selenic acid by strong oxidising agents " sue:: as c-ao 
hypochlorites, potassium diclironiarc or irennanaanate. Xitric 
oxidises selenium only as far as seienicus acid. There is i.u .hrmr 
of intermediate compounds ana-logous to th.c dirlrionates in tlie oxid: 
of selenious acid (compare p. i25 ). 

On reduction, selenious acid readily gives ^eleniiini : eieeten 
of the aqueous solution therefore yields hdeniuni at rim eariroJe 
selenic acid at the anode. ^Vitli nascent hydrogen an aoueou- -oil 
of selenious acid will yield hydrogen scleiiide.^' Suirhurous acid, 
ferably in tlie presence of hydrochloric acid, also reduces se'enious 
to selenium, which separates as a red precipitate : " 


:)e 



acia 

,iiv?n 





SeO 2 -r 2H oSO 3 - 21i .S 0 , - Se. 


When this reduction is carried out in the presence of cv)p:)cr siiioiiate, 
as well as hydrochloric acid, tiie com>)osition of the nrecinitate obtained 
varies from that of cuprous selenide in slightly acid solution, to ]nire 
selenium when the concentration of hydroolnoric acid is higin It is 
probable tiiat reduction to the element lirst occurs under ah conditions, 
the subsequent formation of selenide de]mnding on the iiydrogen-ion 
concentration of the solution.^ Other reducing aoc-nts cause a sinular 
separation of selenium, Ibr example, hydiiodic acid.'" ];)hospln>rous acid.' 
hypopliosphorous acid,^ hydroxylaminc and hyurazine.^ and such organic 
substances as glucose, formic acid and formaldehyde."^ Sodium hydro- 
sulphite also reduces a selenious acid solutiond^ and if used in the presence 
of a little sodium carbonate to remove a.ny free acid, tlie formation of 
a red colloidal solution of selenium is so easily observed that a test will 
detect one part of seienicus acid in 20.000 of w:iter. '■ 

Hydrogen sulphide reduces selenious acid -olutioii witli formation 
of a mixture of selenium and sulphur. Tlie ])roportion of tlie two 
elements in the precipita-te vaiies witli the condicions. At one time 
this precipitate was regarded as a dehnite sulpnide of selenium, but the 
sulphur can be entirely extracted by a mixhare of oenzene and carbon 
disulphide. The so-called '* sulphur selenide “ obtained by fusing 
togetlier sulphur amd selenium probaholy is Ut-o not a true compound, 
but only mixed crystals of tlie elements. 

The beliaA'iour of manganese dioxide towards selenious aeid solution 


’ Meizncr, d///;. CJinn. i 15, 2cs. I'S'S 

- For equilibT'iiiiii raeasurc-inonis on die ivaeiions v. :::i ehirni.f'' ar.a tronnia-. see 
sheiTill and Izard, J . Soc., Igi'S, 50, Idd.'). 

^ Meunier, Cenupt. irud., 1310, 163, 332. 

Schulze, Btr., 18S.5, 18, 655. 

^ Clark, J. Clirnri. Soc., 1928. p. 2388. 

*’ Peirce, Ber., 1896, 29, 1007 ; Goocn and Pevnoid-. d J. 5^? 

254. For equilibrium measurements on this rc*a‘.-rion, see Schcti . vSv.'ifr ami Yost, J. A//ui . 
Chent. Aoc., 1928, 50, 721. 

' Glut bier, Zcit^ch. anoKj. CJk m., 1904, 41, 448. 

^ Gutbier and Rolin, ibid., 1903, 34, 448. 

^ Jannasch and Muller, Birr., 1898, 31, 23SS. 

(Ic Coninck and Chanvenet, Conipt. nud., 190.'). 141, 1234. 

"" Brunck, Annaliii, 1904, 336, 281. 

Mever and Jannek, Zcits'di. artaJ. Clu.in., 19i3, 52, •■'‘34 : _eeve:‘ ana von Garn, ibid., 
1914,53129. 

Rose, du/t. IBiijs. Che/ll., IS37, [li.], 42, 538. 

Gutbier and Lohinann, Zeii-scli. anorg. Chern., iLHd, 42, 335 ; i9u5, 43, 384. 
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at 140 ° C. ill sealed tube is interesting. A yeMo\y erystaldne compound, 
AlnSeoOe, is obtained, not a selenium analogue of manganese dithioiiate, 
but a selenite of quadrivalent inangancse. Uhe substance is an oxidising 
agent, converting liydrocbioric and arsenious acids into cbloiine and 
arsenic acid, respectively."^ 

Selenious acid forms a sparingly soiidi’e erystaiune additi\x com- 
pound mitb thioeyanie aeici, known as tJnoci/cnioselruAou^ acid,'' 
IioSe03.2KCXS. this is ibrined when a mixture of an alkali selenite 
and aninioniuni tliioeyaniatc in a(|ueoiis solulion is treated with fairly 
concentraded hydrocli'ioric acid. nen warmed witli water it decom- 
poses, lilierating selenium." 

The Sclemles . — Sclcniciis acid is a ^veak acid hut neulraiiscs 
livdroxides and carlionatcs witii tlie ])rodiiction oi sclenitcs. /!///- 
niormun selenite is formed l>y (iissolviug selenious acid m aqueous 
ammonia.'^ Tlie selcnitcs can lie oivtaiiicd in an anliyurous condition 
by heating tlie metal, oxides m a currcnc. oL selenium dioxide xarpour 
or with selenium dioxide in a scaled tube ; in tlie latter ease the jwo- 
ducts can be obtained crystalline ii‘ the selenium dioxide is used in 
excess.'^ 

Bv treating a licise with more Ilian viic c([Ui\ aleni amount ol’ selenious 
acid, acid sclemtes may lie olitaincd.'^ 

The normal salts, on account ol‘ tlie feehlc* mdure ot sehmious acid, 
arc alkaline in solution. Tlicy exldhit a imirkcd lendeney to form 
eonijilex salts; For cxanuiic a seric's o!‘ sefenifo salts }:a\'ing hi^'alellt 
central atoms with Four eo-ordiuai ion positions has heem jirmparcd 
by dissolving tlie norniai sciemtes oF <*()l)a,ll. niekei. /ine, cadmium, 
manganese a,nd eo])})cr in warm eonccmtraied soiulions ol’ ammonium 
selenite and allowing to (trystaJiisc. Mahjbdosclcnltcs ^ and vanado- 
selenites ^ liavc aisc been prcjiarcdp' and a series o!' erysl aJliiie uranyl 
salts has been dcseriiicd. .Vlkaii sa.lts oF liic type H X.gSe()o.2H20 
(where M = K or Xll.^and X - Cl or ]h*) are known,’’ and llu' potassium- 
chlorine salt when treated, in solulion with, siix’m* oxide yields siK'cv 
chloride and a solution Jrom whieli the /cfrasclcn ii(c K i iSciO.j.IIhScO.^ 
or KoO.dSeOo.OlIoO, may ho erysLa.’iised. This snhsta,noe at 100* C. 
loses only two-thirds oF its water and may lx* eonsidoix.'d as liie Jnjdrogcn 
pijraseleiiitc, ivO.ScO.O.SeO.OU ; the eiiioriiK' (‘onipound IVoin 

which it was derived tlicii being llie cidoro pijcosclcnitic KO.SeO.O.ScO.CL 

Mcrcaric selenite, ligSeO... jirepared by iho avhion oF sodium hvdrogcii 
selenite on mcreurie oxide, Forms donhic salts <d‘ liie types Xa _,ng(Sc03)^ 
and i i gCi . S eO a . 2 i. 1 oO . ^ " 

The selcnitcs are readny atiaekcHi by micro-orgn nisnis with the 
formation of a red sidosranccy j)!’obai)!y metaJiie scTmiiimd'^ The 

' MeU’ino and S(,uini,atii, Alli. .UcaS. j\.t 20, i., IT. 

“ ivanolV, J. Rvss. Rlii/s. (]hi-m Xor., I'.ins, /jO, CSI ; dn m. Znf , ! 1 M, )S, 1 ^ 6 , 1)111. 

Coriioc, Aitii. Ch.iin. Rh/f.s., 11)1:1, 28, OUT. 

ITpil, Coriijd. revd., 11)11, 152, ilTS. '* iloiil/.onivano, iirf , I Sl)0, 23, 81 . 

Hahn, Heier and Siegert, A-./mj/n n/aa-;/. V//a//a, lliA, 150, 12(1. 

‘ See this Senes, Vol. Vii., llarl ill., ]). ioi. 

This Series, Vol. VI., Pari. HI., p. 81). 

Rosenheim and Krause, ZeltscJi. anorg. Cl't-m.. Jl)2!, 118, 177. 

This Series, Vol. VJI., Part HI., p. 322. 

Oluthmanii and Schafer, Btr., 1S93, 26, iOOS. 

Rosenheim an rl Pt-iiyo 7 .i-if.=!rh rrun.-n ni.r-m iorio c-, 1-7 \ 
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alkali selenites act on tiic animal organism a:> iriitain oaisoiisF C^a:: 
has observed that the presence of 0-2 per cent, of seleniou^ aci- ; vreve 
the putrefaction of beef. 

Constitution. — As with suiplnirous aeici ami the sihohires, 
decision is necessary between alternative ibrnuiijc ibr srh-im-us 
and the selenites. tiie ]a)ssii)le structures imin -• t- r* 

^ /OH ^ O Oil 

0 = Sed and the unsynnnetricai Se ’ . Ti.-' u.m-ii 


of a selenium analogue of thiosulplniric acid (m heating ^.ieuium wit;, 
a selenite solution may be regarded as siigid e\i ieiKv hu.sea' tin* 
symmetrical formula, which also receives a little miuu'ah hv the pro- 
duction of a symmetrical etJijjl sCs/iifn. SeO.OO JI. b '^ethc acri m of 
ethyl iodide on silver selenite. - 

Selenium Trioxide or Selenic Anhydride, SeO , . -frh artcomA 
to jnepare tliis compound by methods aiiaicwous to th-,.-e Use i fra- 
sulpliur trioxide have failed, and it lia^ Ix-en fouuri inmex^ii le to isolate 
it by dehydration of selenic acid. 

\Vhen a solution of selenium in seleniuni oxvcihoriuo is su:>ucted for 
about 30 hours to a stream of ozonised oxygen, the red soiiiti. i. graduahv 
becomes colourless and a wihre or veiv i:.a:e vehmv precinitate annears 
which can be obtained free from oxyciiieride lo' wasihng iirst witn 
carbon tetrachloride and then with ether. Tiiis solid was hrst oivained 
by AVorsley and Baker." wlio ecneliidcd I'rom anai\'ses that it was 
selenium trioxidc. It has a density of 3-0, is readily soiuide in water 
with evolution of lieat. forining selenic acid, and soluole ado in alcolioh 
It is insoluble in iDenzene, carbon tetraeiiloride. chlovoiovni and ether. 
On lieating it decom])oses at 120" C. without melting or suldiminu, 
yielding the dioxide. It combines with dry hydrogen Cidoride to form 
ehloroselenic acid (see p. 325). Tiie molecular weiglvc, determined by 
cryoscopie metlmds using phosj^horus oxychloride as solvent, eorre- 
s])ondcd with tlic formula SeO.. 

A repetition of the foregoing work by hleyer and Pawletta." hower'er. 
failed to confirm the production of seienium trioxide. Aceoixhng tr) 
these iiir'cstigators. the dissolution of seleniuni in selenium oxydhorioe 
I’csults ill tlic formation of selenious chha-ide. andtiie ])recipi:ate oljiained 
l^y the action of ozone is a mixture of this salt with seienium (ii(>x!(ic. 
Furtliermore, substitution of carbon tctracidmide or glacial acetic acid 
for selenium oxychloride did uot lead to the separation of ilie tiloxide. 

Selenic Acid, HoSeO^. — This add was hrst prenared by hlitschcr- 
lieh in 1S27. who suspended lead selenate in water ana iireoipitated the 
lead by means of hydrogen surpliide. By the oxidation ^‘>f aopieous 
solutions of selenious acid with suitable reagents, an. chlorine or 
liromine. selenic acid may also be obtained.’' iieii caioriiie is used, 
any hydrogen chloride must he removed as soon as it is for mod. for 
selenic acid is reduced by hot hydrogen cliloride to seieiiious add. witli 
liberation of dilorine : the process is best carried out " by passing a 


^ C’iiabrie and Lapiequc. Com pi. iCmL, IS90, iic. 

- Micliaelis and Landmann, Btr., iSSO, 13, 656 : 1SS7, 20. 62.”). 
^ Worsley and Baker, Tjans. CJitm. Sor., 1923, 123, 2S70. 

" Meyer and Pawletta, Ber., 1927, 60, (Bt, 9S5. 
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current of chlorine tiirougii a solution of selenious acid in nitric acid 
containing lead nitrate ; by this means the hydrogen chloride produced 
is re-oxidised to chlorine, while the selenic acid separates as lead selenate. 

By passing chlorine through a suspension of basic copper carbonate 
in aqueous selenious acid, copper selenate and copper chloride pass into 
solution : 

IT .,S eO 3 + Cl . d- 1-1 .0 - 2 IICl - II ,SeO „ 

2 CuC 03 “-r 2 Hd-!-iL>Se 04 -CuClod-CuSe 0 .i-:- 2 C 0 . 3 + 2 H, 0 . 

On crystallisation, copper selenate separates, contaminated with about 
1 per cent, of cupric chloride. The latter may be removed by extrac- 
tion with acetone, in which it is readily soluble, vrhereas Llie selenate is 
only very slightly soluble ; after this operation the copper selenate is 
finally purified by recrystallisation from water. The copper may then 
be removed by electrolysis,^ using low current density, when selenic 
acid free from selenious acid and chloriiic remains in the electrolyte. 
The solution may be concentrated until it contains about 82 per cent, 
of the acid by evaporating at 95"^ C. under reduced jwessure. 

Bromine oxidises silver selenite according to the equation 

AgoSeO 3 -- Br -f- H 2^ ^ ^ 1 ~ 2 AgBr , 

but tlie solution ahvays contains a little selenious acid.'- 

A solution of selenious acid in nitric acid can be oxidised by electro- 
lysis, when selenic acid is produced at the anode. Tins is one of the 
best methods for the preparation of selenic acid on the larger scale, for 
the product is generally free from all but a trace of selenious acid. The 
nitric acid solution can also be oxidised by heating with ])ota>sium 
bromate ^ or ]:)ermanganate.^ 

When selenious acid or a selenite is refluxed for about three hours 
with SO per cent, hydrogen peroxide, oxidation proceeds to tlie extent 
of about 90 per cent.® 

A convenient and efiicient method for preparing selenic acid is 
based on the fact that under suitable conditions cliloric acid completely 
oxidises selenium or selenious acid to tlie rccpiired acid. If selenium is 
used as the starting-point, it is oxidised to seienioiis acid using nitric 
acid as oxidising agent. The selenious acid is then oxidised by heating 
witli barium chlorate and sulphuric acid ; chlorine and oxides of chlorine 
are expelled in tlie process. By concentrating tlie liquid in a A acuum, 
any perchloric acid formed is remoAnd, and tlie resulting solution may 
contain 85 to 90 per cent, of selenic acid.” 

Pure selenic acid may be prepared from tlie solutions obtained in 
the foregoing processes by first neutralising Avitli ammonia, preci])itatirig 
barium selenate by the addition of barium chloride, and heating the 
separated precipitate with a solution containing tlie correct quantity of 
sulphuric acid. After removing the barium sulpliatc, a solution of pure 
selenic acid remains, and if this is concentrated as far as possible (see 

^ Dennis and KoUer, J. Ainer. CJiem. Snc., ]919, 41, 9“)2. 

Dennis and Koller, loc. cit. 

^ Meyer and Heider, Ber., 1915, 48, 1154 ; Dennis and Koller, loc. at. 

Blumenthal, Arner. J. Sci., 1913, [iv.], 35, 93. 

^ Mathers, J. Amer. Chern. Soc., 1908, 30, 1374. 

^ Huh and McCrosky, ibid., 1929, 51, 1457. 

‘ Meyer and Moldenhaiicr, Zeiisdi. anorq. CJuim., 1921. 116. 193. 
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p. 334) and then cooled to —50" C., crystallisatioii sets in on btirring. 
The same result may be obtained by heating the concentrated solution 
in a vacuum at ISO" C. and then cooling, a ervstaHiiie mass bein^ 
formed T 

Selenic acid crystallises in long hexagonal ])risms, apparenti}’- 
isomorplious with crystalline sulphuric acid, and of melting-point 57" 
to 58" C. The density at 15" C. in the solid state is ‘2*951 and in the 
undercooled liquid condition 2*608. The molten substance is easily 
cooled below its melting-point without solidiiication, and the presence 
of small quantities of water lowers the melting-poijit to considerablv 
under - -50" C. On heating above 100" C. the acid is -,IowIv decomposed 
with the formation of selenious acid and oxygen.- It earn 'jc distilled 
at 172" C. under a pressure of 85 mmX The following tiiermoehemical 
data liave been obtained : 

Se02 (solid) -f I(0.,)4-H.,0 ^^HoSeO. (iiouid: —3060 cals. 

Se+f(0;)-HoO- — .H^SeO,; (liquid; -59,860 cals. 

H2Se04 (liquid) — ■> il^SeO,. (solid) —3450 cads. 

The vapour pressure of tlie liquid at different temperatures is as 
follows : ^ 

" C. . . 100 105 140 190 210 

jp, mm. Hg, . 15*8 21-0 28*3 32-0 37*0. 

From the fact that in dilute solution the heats of neutralisation of 
selenic acid and sulphuric acid when neutralised by alkalis are approxi- 
mately equal, it follov/s that these tvvo acids are of comparable strength. 
Concentrated selenic acid resembles sulphuric acid in many of its proper- 
ties, although its characteristics are rather less strongly marked. It 
absorbs moisture from the air, but on dilution with water it does not 
produce so much heat as sulpliuric acid. As with sulphuric acid, 
determination of the freezing-point curve of mixtures with water 
indicates the existence of definite compounds or Jiydrate^, viz., HoSeO^. 
HoO and HoSeO^.H-IoO, the melting-points of which, —26" and —51*7" 
C, respectively, are given by the maxima on the freezing-point curve.^ 
The tetrahydrate appears to be isomorphous with tlie tetrahydrate of 
sulphuric acid, a crystal of the latter inducing crystallisation of the 
former. 

Like sulphuric acid, selenic acid attacks many forms of organic 
matter, frequently with charring." Alcohol yields ethylene on heating, 
and cellulose (filter paper) is converted into a vegetable parchment. 
Toluene in tlie cold gradually undergoes concurrent oxidation and 
substitution with formation of iohieneseleiiinic acid. CgiI4CH3.SeO.2H. 
and diphenylseleiione dicarhoxylic acld.^ 

Selenic acid oxidises aniline with explosive violence.^ 

^ Blumenthal, A7iier. J. Sci., 1913, [iv.J, 35, 93. 

- Meyer and Moldenbaner, loc. cii. 

^ Stocker and Kralit, Ber., 1906, 39, 219S. 

^ Metzner, Coynpi. reyid., 1S9S, 127, 52. 

^ jMetzner, loc. at. 

^ Kremann and Hofmeier, Monatsh., 1908, 29, 1111. 

" de Coninck and Chauvenet, Ann. Chiin. anal., 1916, 21, 114. 

® Doughty and Elder, Eighth Intern. Congr. A.ppl. Chf//?.. 1912, 6, 93. 

^ Meyer and Wagner, Ber., 1922, 55, [Bj, 1216. 
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1.1 1 -»-• . 

Sulphur is soluble in liquid ^acid undergoes 

onwWg this -lution to ^ This 

marked reduction, witn oi stability of the 

result serves to emphasise ^therefore tlieir higher oxidising 

oxygen compounds _ of seleniu^ ^,nmhno- sulphur compounds. ^ It has 
power, compared with .he P aliulphur solution in selenic acid 

been suggested that bme co ou^^ V acid are due 

and the green colour of a ^ sSeOg and SeSOg, sulphur 

to the production of ®. , “respectively ; the assumption of 

seleiioxide and selenium smpnomd emdence: For a fuller account 
such isomerism is made on v«y shgnt 

of selenium sulphoxide, see p. - • giving a deep green 

Selenium likewise dissolves " to the formation of an 

solution, the colour oi • j ‘ Se”.0., (analogous to SgO^), which, 

unstable oxide, f ’4e colUr disappears on warming, 

however, has no L yer bee, coloured solution is 

s«,lSoSrt.« c“, poind .hst bo o.coodn.gly nnotable, as 

slio-ht warming destroys the colour. _ . . .u..,,,. 


It 


warming destroys the coionr.- suhphuric acid that selenic 

.. might be expected 

acid would absoih h^y „ case* Nitrogen dioxide is absorbed, 
It tins IS nou buc case- .nu « „„,n-.ble blue solid. 


fclU.iUl vv . ,i • • 4-Kdv r>QCP iMurOiiCli 7 

acid, N 0 .,.Se 03 ii, but tms is '1°; ^ being an unstable blue solid, 

however, at low temperatums, tl e _^30 c.3 

probably Se 0 . 2 (N 0 .,). 2 , . obtained by the action of excess 

841).^ acid which is kept ice- 

of liquid nitrogen trmxide on ^ -y aliine “snow-like” mass, having a 
cold._ The proaucb^f^i w me ^ J It is unstable even at 

melting-point oi _80_ U., Yoi « immediately decomposed 


oum. decomposition, ir u, 

TiZL solutions • of Kl.«ic._»id oannoj 


- Aqnoons »“““ I A MXrivld oTaS -.iter without docom 

ordinary pressure, be - - y ic reaclmd tlie distiih 

position, VdiUt.n,p™ u„ ojn C 


Hate consists 

poto. ‘Until a temperature ,,^t. 

Llmost entirely of '''^p'’’d‘Ye' ature Dm selenic acid is slightly volatile 

selenic acid. Above Uiis tempemtme . se e ^ 

and a distillate of very dilute seiemc t^ci^ 

finally attaining a h-n decomposition begins to occur 

temperatureof cLide oxyoen and water. By distilling 

with formation ol seueam.n d , ; , Mature is avoided, and a residue 

?- -It. concentration is obtained at a 

temperature near 180 C. 


C ■ fi. inm ,d 5(R»m?en£.ei-,./.hmei'.G/iem.8V,r., 1917,39^171. 

1 ICrafft and Sterner, Re) ., IT' > 3 ‘ 

: t:“nTMatre^^^ 

b KetpeeUit |i“;itfonqueous 

and Macallan, YP’MiMati’ Gazzelta, 1901, SL i- 10^ ^ molecular 

J.praH. Cfem., 188o, [n.Ps^YY’i OfcOT.Soc., 1895, 67 , 846. 

refraction, see Gladstone and Hibbe , T ■ others, Amer. J. Sci., 

» Pettersson, Zeitsch. anorg. Ghcm., is , 

1893, [iii.], SO> 254, 400, 402. 



COMPOUNDS OF SELEXm:. 

Aqueous solutions of seienic acid wili. un iieatiog. ^xinne i.voi'u- 
eliioric, hydrobromie and livdriodic acids. IPnlrr-cen sidndide nas a: 
any temperature above — l:r C. cau'^e^ dee nvv-sid-^m o:' deleni-d ae:i. 
the rate of reaction iiicreasine: both vitii tne te:nr;era:ure and me con- 
centration Oi rhe acid. The comnlcie reaction inav be re jresen:ed bv 
tlie eo^^uation 

H oSe0 1 — 3IT oS Se — 3S — -ili .rO. 

but t1ie nmclianism ol‘ the reaction nnnc c-ompdeaten.' S:dn:i.jns ot 
seienic acid of all concentrations are rcdiuacl bv ^ 5 e:enin:n. e'>neciabv 
on warming; witli sulphur tlie reaction takcb niace more -bwiv anii 
higher temperatures are necessary. The reaction with suininir dioxide 
takes place in two stages and selenium dioxide may l^e senarated as an 
intermediate product : 

fl) PIoSe 04 -rbOo=SeO.>-~iioSO .. 

(‘2) Seb2-b2lLp-2SO,^Se~2H.SO.. 

When the sulphuric acid readies a certain eoncentratioin trie redueino 
action stops, but when tlic solution is diluteii the reaction can nroceed 
to completion. - 

By tiie action of hydrazine hydrate on a dilute solution (ff seienic 
acid, iiydrazine liydrogen selenate may be obtained as a colouriess com- 
pound wliicli is not decomposed by boiling water, but wiiiein wiien dry. 
explodes witli great readiness wlien subjected to r.ea.t. to siioek. or to 
fumes of hydrogen chloride. For tills reason, 'before Iiydrazine liydrate is 
used in the analysis of selenium compounds (see ]). 307 ). it is essential 
that seienic acid and selenates stiOuld be reduced to selenites by means 
of hydrochloric acid.^ 

When seienic acid and molybdie acid are heated togetiier on a 
water-bath for several days a comnound of composition 3ioOo.SeO.> is 
formed, whicli is obtainable as a crystanine niass.'^ and wiiich witii a 
little water yields a hydrate, liaving the forniida bloO^.SeOo.dH^O when 
dried at 110^ C. This compound has the properties of a tetrabasie acid. 

Aqueous seienic acid is a solvent for metals, such as magnesium and 
zinc, hydrogen being evolved. Ahtli metallic iron there is only slight 
action (contrast sulpliurie acid ) : after some time a thin deposit o: red 
selenium ibrms on the iron, due to reduction o: t'ne acid by tne nascent 
liydrogen produced."^ Copricr and gold are dissoh’ed by tiie warm acid, 
selenious acid being formed simultaneously : the power of dissolving 
gold must be ascribed as niueln to the {-xidising power of tne acid a-s to 
its acidity.^ Tiicre is no appreciable action with osmium in the cold, 
but at about ]20^ C. a colourless solution is obtained containing osmium 
tetroxide : no selenate is formed, the other product of tlie reaction being 
selenious acid.' 

The SeleivatesT — Seienic acid resembles sulphuric acid in being 
dibasic and both normal and acid salts are known. The salts can be 

’*• Benner, J. Aiatr. Chein. Xoc., 1917, 39, 2171 ; rj. Goocj. ana Biinnenrlia;. jH'.cr. J . 
Sci., 19] [iv.l, 35, 54. - Bencer. Vc. cif. 

^ Meyer and Aulicli, Ber., 1928, 61, Tp, 1899. 

^ See Wendehorst, Zeiisch. anoig. Chcni., 1928, 176, 233. 

^ Tiitton, Cliein. Xacs, 1918, 170, 30. 

® Cameron and Davy, ibid., ISSl, 44, 63 ; Vv arren, ibig., 1890, 61, iUO. 

■ Hradecky, Oesterr. Chem. Zeif., 1917, [2], 20,^43. 

® Details of the preparation and properties of the var:0':s metal selenates are given 
under the individual metals in other volumes of this Series. 
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336 SULPUU ..ecoo-nised methods, or the 

obtained from the acid by the ^ ,,.ith sodium 

1 e„„Ua s«e t.. 

“"Tte normal »! ?f “““• 

st'Si pt»"oS s'5 >ra “S' 

P>-' »•■ ; 

St' st.mar“-U 'SfrSttt at 

sulphates, and thereiore ^5 The selenates, howe%^r, fteque^tly 

SlttStr tato ot cystalfoalion less readrly than « 
SSS“S oUh. calcmm. 

salts, the normal ^’'therefore convenient precipitation agents, 

and mercurous nitrate are th g^i^ble than barium sulphate, and 

Barium selenate is, d • Ueino- slowly reduced to selenite by 

5,0 differ, from the “ ot pretitation "VS'eto 

SSttot^raat^^ 

:S <'.epos.t, crystal, of tari.m «!»» 

H2[Sa^(S^^4)2]- corresponding sulphate, is q 

?3? ‘tpt X£ Sto JoUamed in ti.c t.d.ydrated 

^°“By the action 'tSmnJioniate niono- 

these cry steals slowly solution, which on dilution 

hev are soluble in wnter, givino a cicep blue s 
ineyaie t,u colour and deposits basic coppci ^ , „,^,„innTV 

becomes -n - , ^ ,^,any l^rirs, t no 


iSmi loiter in eoloui-a^^^^^ 

crystals are exposed to me acoron o .QPuet has the composition 

exhutionof ammoiua ceases a- c. n 1^ crystals of the tetram- 

C„S.O,SXH.di.O nen^ - ,, , phiec.to, under a lore 

momate monoludfUtc me 


o 1 rt Ai nhors arifl Graliam, J- Ame'i . 

f Meyer and Heidei, Aef-.,191A 48,1154. ,1903. 36, 426^^^ 3,,^ 

5 ^,lich.el, Go7npi. re7id., 1888, lo , ^ Denises, A^rii. Chi^n. anal., i ? 

' U. ZL^CUen.. Soc, 1919, 41, 064. 
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pressure ibr soiue days, they lose their water but :iot ii.-ir aia no’^h: 
and liyht blue-violet crystals of CuSeO^.fXII. are q . 

exposure to tlie air tliese crystals evolw a!i:::K;n:a. iah hard awr 
tliey are ([uite stableO 

Ferrous schoude can IjC ])reoared by r!ie action of '-Fenie acin o: 
ierrous sulphide: sclenie acid does not dissolve iron -o^ec o. .*>^3 ' : 


FeS -f - i .SeO j, = FeSeO 


The production of the hydro;e:en sulphide serves to prevent tiie scLen- 
ate being oxidised to the lerrie state. Tlicre niav also ije a slialit 
secondary reaction resulting in the nreeipitation of both sniniiur a!:d 
selenium according to the ccpiation on d, ‘SS5. From the solutirei 


unstable monochnic crystals of liydrated ferrous selemite. FeSeO ..7II ,0. 
may be deposited. 


The stabilitv of the product is great I v increased 


:)v niixnn 


solution with tlie equivalent amount of one of the alkali selenate^. wlien 
crystals of a double selenatc. of the tyoe iM.,Se()4.FcSeO ;.Gli.>0.- are 
deposited. 

Ill the ready formation of double salts, selcnates show farther resem- 
blance to the sulphates, and even '' alusiisF e.g. ILSeO.,.Ak;'SeO;h.. 
24H._,0, hl2Se0j.Cr.>{Se0,;).^.2-l-H20 and M-.SeO -F 

(where hi represents one of the alkali metals), have lieen iirenared aiid 
found to be of tlie orthodox crvsraHiiie formd rilonoclinic double 


selenates of tlie copper, iron and cobalt groups witli tlie alkali metals 
hat'e also been ])rc]iared,'^ as well as the Ibllowing : ^ KoSeO ..hIgSeO .. 
6H0O, Xa2Se0,.MgSe0,.-iK20. K.SeO.CaSeO ^21120. ‘ The last is 
interesting in tliat the corresponding sulphate is a iiionohydrate. 
double seienate corres].)onding witli glaserite, 2X2SO ..X''a2S04. has been 
obtained. 

Tlie selenates are not so harmful as the selenitcs in their physiological 
action, and it is probalde tliat what iioisonous nature they possess is 
dependent on their previous reduction in the organism to selenite.'^ 

Perselenic Acid.— Electrolysis 01 a cold concentrated solution of 
potassium seienate containing some free selenic acid has been found to 
])rodiiec a similar elTect to that observed ndtli tiie corresponding 
sulphate." -V potassium persclenate Avas formed at the anode, the 
chemical process probably being of the same nature as in the formation 
of perdisulphate, Init on account of its instability the product was not 
obtainable in a higlier degree of purity than approximately 75 per 


cent. 


According to Vforsiex' and Baker ^ tlie compounds described by them 
as selcniuni trioxide and cliloroselenic aeid (g.r. ) both react vrith hydrogen 
peroxide to produce a perselenic acid. 


^ JDeniiis and Xoiier, loc. clt. 

“ Tutton, Che.m. Sev:s, 191S, 170, 30. 

^ von Gericliten, Annah/i, 187.0, 168, 214: : Fabre, Conibt. r'ind., ISS., 20> o43 : 
Pettersson, Der., 1S73, 6, 14G6. 

See Tutton, Proc. Rou. Soc., 191S, TAl, 94, 352 ; 1919, [A g 96, 156 ; 1920. [A], 08, 67 ; 
Phil. Trans., 1919. [A], 218, 395. 

^ Clever and Aulich, loc. cit. 

^ Joiies, Biochem, J., 1909, 4, 405 ; 1911, 6, 106. 

' Dennis and Brown, J. Aintr. Chern. Soc., 1901, 23, 25S. 

“ Worsley and Baker, Traji.^. Cliprn. Soc.. 1923, 123, 2S7U- 

VOL. VII, ; IT. -- 
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Compounds containing Selenium and Sulphur. 

As already mentioned (p. 329), it is probable that all attempts to 
prepare a compound of sulpliiir and selenium, either by heating the 
elements together or by reducing selenious acid with hydrogen sulphide, 
give rise only to a conglomerate of sulphur and selenium, or at the best 
to mixed crystals containing these elements ; that is to say, solid solu- 
tions of the one element in the otlicr are obtained A Such a mixture 
may be obtained as a yellow iwecipitate by saturating a solution of 
aluminium chloride (containing 100 mgms. A1 per litre) with hydrogen 
sulphide and at the same time running in selenious acid. If the dried 
precipitate is ajiplied in a thin layer to smooth, dense, but not highly 
glazed, jiaper, a sensitive reagent for mercury vapour is obtained.- 
The paper is darkened by the va]mur, the sliade varying with the con- 
centration of the vapour, the time of exposure and the temperature : 
for example, in a test with air containing one part of mercury in four 
millions, on passing the sample over the paper at a velocity of 1 metre 
per sec. and at T0° C. a colour change was observed after four minutes. 
The paper is not alfected by solutions containing mercury ions. 

There are, however, compounds containing sulphur and selenium, 
with one or more additional elements, in which the selenium ma}^ be 
regarded as having partially displaced sulphur from a compound con- 
taining more tlian one atomic proportion of this element. 

Selenium Sulphoxide or Sulphur - Selenium Sesquioxide, 
SeSOg. — This has already been mentioned in connection witli the 
solubility of selenium in sulphuric acid (pp. *291, 300) as the ])robable 
cause of the green colour ])roduced. It is also obtainable, similarly to 
sulphur sesc^uioxide, from fluid sulphur trioxide by the addition of 
powdered amorphous selenium, the sul])hoxide being insoluble in the 
sulphur trioxide, so that the latter can be decanted oh : 

Se-r-n.>SO , — SeS0o--H-,0 : 

Se-:-“S 03 =ScS 0 ;;.' 

It is described as a green liepaid, solidifying to a green solid, which 
easih^ passes into a yellow modification. It is slightly more stalde than 
sulphur sesquioxidc, but decomposes on gentle heating.'^ The com- 
pound SeO.^.SOs has already been mentioned (]>. 327). 

Selenosulphuric Acid or Tliioselenic Acid, HoSSeO,.. — Salts of 
this acid are obtained when finely divided selenium is dissolved liy 
warming with an aqueous solution of an alkali sulifhiLe. potassium 
sulphite being the most satisfactory : ^ 

K oS O . S e = K 2 S S eO o . 

The selenosid'phates are very unstable and their solutions undergo 
partial decomposition witli separation of red selenium even on mere 

^ Gutbier and Lobmanin Ztll.^ch. anojy. Ch(ni., 1004, 42, 02") ; 1005, 43, oS4 ; Mulli- 
mann, Zeitsch. Kryst. Miii., 1890, 17, 357 ; .Betiendorfr and von ('ath, Amt. Vkys. Chtin., 
1870, [in], 139, 329 ; Pdnger, Ztit-sch. anoin. Chan.., 1902, 32, i83. 

“ Nordlander, hid. Eng. Ckern., 1927, 19, 518. 522. 

^ Weber, Ann. Pliys. Chern., 1875, [ii.], 156, 547 ; Dixa-rs aiid Sliimo.se, Trans. Cheni. 
Sgc., 1SS4, 45, 194; 1SS6, 49, 583; de Coninck, Conipt. und., 1900, 143, 082 ; O-Ioles, 
Anal. Fis. Qv.im., 1915, 13, 134. 

' Cloez, Bull. Soc. chim., 1861, ii, 112 ; Rathke, J. praJd. Che-m., 1864, 92, 141 ; 1865, 
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dilution with water. The addition of acids immediatelv e::eets decom- 
position with formation of selenium, selenosulphiiih' :.cid irsdf de::!': 
incaipable oi' free existence : 

K.SSe 03 -~ 2 HCl- 2 KCl 

The addition of iodine also Iwings about immediate deeomuo^itioii with 
liberation of selenium. 

The evidence supplied ])y the method of ibrmaTioii and tim uceurrcnea 
of isomerism as to analogous structures ibr tha viiiovuipiaues and 
selcuosulphates, is amplified bytlie chemical Ix-fia^uoiir uf tin- uotassinrn 
alkyl selenosul]:)hates, obtained by treatment of y5oras>iiim scaeno- 
sulphates wittii alkyl halides. ^ These, on elcctnavrlc reduction ami 
also on oxidation with hydrogen ]')eroxide. yield the corresnondina d:- 
selenidcs (compare the thiosuh)]iatcs, p. 2(i3:. The structure of ti:a 
selenosulpliatcs thereibre invob'cs a selenium atom dircctiv atiacia'.i to 
O, /SeK 

potassium, thus dSy 

O" \OK 

Seienotrithionic Acid, H.^SeSoO,-. — In trie preparation of potcissium 
selenosulphate as just described, a certain small amount of a norabsium 
selenotrithionate, K^SeSoO,;, is obtained, which ycnerafiy crybtafii>es 
first on evaporation of tlie solution at the orefiaary remperature. Tlie 
\-ield is much better if potassium hydrogen sulphite is also present witii 
the selenium and normal potassium sulphite. - 

Tlie eorresj:)onding free acid is formed by the iiiteraetion of acnieous 
solutions of sulphurous and selcnious acids, the former in excess : 

3li2S03-l-IIoSe03-HoSeSo0,-HoS0.^-2lIo(). 

In the description of the properties of selcnious acid it v/as mentioned 
that the acid is reduced by sulphurous acid in tlie preserice of liydro- 
(dilorie acid. In the absence of liydrochloric acid tlie separation of 
selenium may be far from complete or even entirely lacking, on account 
of the formation of sclenotrithiouic m*id." 

Selenotritliionic acid is known only in aqueous solution and in trie 
form of its salts. The solution is not very stable and r)n exjiosinu* to 
light gradually dejiosifs selenium. Evaporation also causes dccom- 
])Osition. liydrochloric acid in considerable quantity causes decom- 
position (c'onuiarc above) witli Ii(.;cratiou of selenium : 

iroSeSoO^-IioSOi-rSC.-Se. 

The sclcnoiritlnunafet; are rather more stable than tlie acid, lout tlmy 
vicld a precipitate of selenium when warmed with hydrocldorie acid. 
As the barium salt is soluble in veater, no ])reci])itate is produced on tlie 
addition of barium cliloride. 

From the general behaviour of the a.cid and its salts tlie co]:stitution 
is in’esumablv 

O O 

HO-S-Se-S-OII. 

o 6 

' Price and -Jones, Tran-s. Cheui.Soc., 1 ‘JOU, 95 . 1739 : IViss, eb'd., 1914, 105 , oti, 1672. 

- Pathke, J . Oheni., ISli"), 95 , 8 ; 1866, 97 , 66 . 

^ Schulze, Btr., 1885, 18 , 655, 
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Diselenotritliionic Acid, H^SeoSOg. — If in the interaction ot 
selenious and sul]Pliuroii.s acids an excess (t}}at is, more than a semi- 
molecular la-oportion) ot ttic tormer is taken, tlie odour ot sulplnii- 
dioxide soon d.isappears and apparently a diselenotritliionic acid is 
tornied in the solution : 

2 HoS 03 -r 2 luSc 03 =HoSe 2 SO,H-HoSO,-r 2 lIoO. 

Tlic acid is even less stable than selenotritliionic acid ; its aqueous 
solution decomposes in th.e light or on warming : in tact, it cannot even 
be ju’csein ed in tlie dark. Acids and alkalis also bring about its decom- 
j^osition. Treatment witli barium ca.r])onate, as in tiie case of tlie 
pia ceding acid, gives a solution of tlie barium salt winch, however, is less 
stable tiian bairium selenotritliionatc, and tlie solution decom]:>oses slowly 
in tlie dark. 

Selenopentatliionic Acid, HoSeS^O^;, is stated to be formed as 
the sodium salt when sodium tliiosulpliate and selenious acid interact in 
the presence of dilute hydrochloric acid. The reaction is described as 
taking place according to the equation 

lioSe03i-4Xa,SoO,,-4lICi-Xa,SeS406-rNa,S40,5d-4XaCl-l-3HoO, 

but the result cannot be considered as absolutely jwoved, for the salt 
cannot be isolated, being decomposed wh.cii tlie solution is concentrated 
eitlier hy warming or in a vacuum.^ 

Snr-Exiiwr axd ATtrogex. 

Selenium Nitride, 864 X 1 . — This was hrst obtained in 1859 by 
saturating selenium tetrachloride with ammonia in the cold : ^ 

1 2SCCI4 - (UNI 1 3 - 8Se4X j A48XII4CI -!- 2 Xo. 

It may also be ])rcpared by passing a stream of dry ammonia into a 
2 to 4 per cent, solution of selenyl chloride in benzene.'^ The nitride is 
precivjitated as a buli-eoloured solid which becomes orange-red when 
dry. Some free selenium is dei'^ositcd along with the nitride, the amount 
increasing v'itli tlie concent ratioii of the selenyl chloride solution. 
After ^vasl':iug tiie bufi precipitate the free selenium may be extracted 
by means oi' poiassimn cyanide solution. 

By each of tliesc methods the nitride is obtained as a brick-red 
amcrplious ipoveder wliich. when dry, is highly explosive, detonating 
violently on slight touch, forming a cloud of red selenium ; it is con- 
siderably more sensithm than mercury fulminate. 

After investigating the amtion of iiopiid ammonia on a variety of 
seieiiium eonqmunds, Strccker and Claus ^ have come to tlie eonelusioii 
that the tetrahalides are the best initial materials for the preparation 
of selenium nitride. The action of liquid ammonia on selenium tetra- 
bromide in the presence of caaboii disulphide gives a good yield of the 
nitride. 

Selenium nitride is insoluble in water, alcoliol and etlier, slightly 

^ Schulze, J.-prakt. Chern., 1885, [ 2 ], 32 , 390. 

“ Norris and Pay, Amer. Chem. J., 1900, 23 , 119. 

Espensehied, Anna Jen, 1860, 113 , 101. 

^ Lenher and Woleseusky, J. Ainer. CJie/n. Soc., 1907, 29 , 21. 

^ Streaker and Claus, Ue/., 1923, 56 , [R], 362. 



COMPOUNDS OP SELEXTLUL 


?A1 


soluble in carbon disulphide, benzene and ^laeiai acetic acid. It is 
decomposed by caustic potash with the formation of inotassium seienire. 
ammonia and free selenium. It reaets explosivelv with b&th ehiorine and 
bromine. In the presence of carbon disuh^hide the action of i.'ronnii-c 
leads to the formation of a brownish-yreeii hv^iruseorde sidostancc 
having the composition ScXoBin." If tlie bromine vanour is dilntedl 
with carbon dioxide, the nitride is couveried into /co/. 

bromide, )oSeI3re, the formation of whicli a|)]}i-ars to l.-c dine io 

the action of atmospheric moisture on a ])rinnirv addition product. 
In similar circumstances chlorine yields a com]:)ound of fonJnosirion 
SeXCl;^. Iodine, whether solid or dissolved in ether or ciilorofoi'ni. i:as 
no action on selenium nitride.^ 

A suitable solvent is not available for tlie dercrniiinuiou of the 
molecular weight of the nitride, ]}ut evidence seems to fa.vour a cyclic 
structure for the molecule 

Nitrosylselenic Acid, NO.O.SeO.>.OH. — An adteranu to prepare 
this compound by the action of licpiid nitroaeii tetroxide on eoncen- 
trated selenic acid, cooled with solid carbon dioxide. ivMnted in tiie 
formation of a dark blue solid, the composition of whicli suapested it to 
be the compound Sc02(0.X0jo.“ It melted at - id’' C. and ai)ove 
this temperature decom])oscd into its conroonencs. Titc 'nine colour 
may, however, be attributed to the decomposition of tiie nitroaen 
tetroxide by the action of water to form nitrogen trioxide and nitric 
acid,-^ for when tlic reagents are mixed there is a separazioii into two 
layers, the upper containing nitrogen trioxidc, nitric acid and a little 
selenic acid, whilst the lower is a mixture of nitrogen trioxidc and 
selenic acid. The lower layer solidilies wlien sutliciently cooled, and 
on gently warming then decomposes into nitric oxide and nitrosylselenic 
acid, which is colourless. 

The acid is best prepared by the action of a large excess o: liquid 
nitrogen trioxide on ice-cold anhydrous selenic aeid.*^ Tlie excess of 
liquid trioxidc is subsequently allowed to et'aporate away. 

Xitrosylselenic acid is a colourless crystailiiie snow-like mass, widcli 
melts at SCr C. with deconrposition. It is unstable even at atmosiiherie 
temperatures and is immediately deeomiiosed by water. 

A blue coin}}OinKL apparently analogous to sul]d;oiiitroiiic acid 
(p. 251 ), is formed on the addition of mercury to a solution of 
nitrosylselenic acid in selenic acid monoliydratc,'^ or by reducing a 
solution of sodium nitrite in concentrated selenic acid by jneans of 
mercurv. The presence of co})per sclcnate facilitates the reaction. 
Idle selcnoiiiti’ouie acid is very readily oxidised and appears to he 
stable only in the presence of concentrated selenic acid. 

Selemlpi axd Phosphorus. 

Five seienides of phosphorus are known, viz. P,Sc, PoSe, PiSeo, 
PoSco and 

Phosphorus Subseienide, F 4 Se, may be prepared by heating one 

^ Streeker and Claus, loc. clt. 

- Leiiher and Matthews, J. OJicm. Soc., lUUh, 28 , old. 

^ Meyer and Gulbins, Ber., 1920. 59 , [B], 456. 

Meyer and Wagner, ibid., 1922, 55 , |_B], 690. 

^ IMeyer and Guluins, luc. cii. 
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atomic proportion ol seleiiiuiu with at least lour atomic proportions of 
])hospliorus in the presence of an inert gas. Tire product obtained 
may contain a little red ]:)]iosphorus Avhicli can be got rid ot by liitration. 
Phos] 3 horus subsekmide is a yellow oily liquid whicli crystallises at 
— C. and is soluble in ear])on disulphide. It is spontaneously 
inflammable in air and is deeom])oscd by alkalis on heating, with 
liberation of phos})]iine. 

Phosphorus Monoselenide, PoSe, may be obtained by heating 
one atomic proportion of selenium with two atonne propoidions of 
phosphorus in a current of hiydrogem It is formed witli ijicandesccncc 
as a clear red solid, which is combustible and slightly soluble in carbon 
disulphide. It is decomposed by boiling alkalis with liberation of 
phosphine. With metal selenides it Ibrnis double selenidcs. 

Tetraphosplioros Triselenide, is readily prepared ^ by 

the action of yellow pliospliorus on powdered selenium in boiling 
tetrabydrona])bthaleiie. Tlie crude substance crystallises from the 
solution and may be jmriiied b}” extraction Avith a mixture of light 
petroleum and carbon disul])hidc. The colour of tlie selenide Amries 
from yclioAv to orange-red, according to the thickness of the layer under 
observation. The clensity at 22' C. is 8-161. On being heated the 
selenide exliibits distinct ]hiosphoreseeiice aboA'e IGO" C. and melts at 
about 242' C. ; at 280"' C. the ])liosphorescence is A'ery inarked. The 
compound is slowly dccomj)osed b}^ moisture, aiid reacts Avitli alkali 
hydroxides, suiphicles and carbonates to form alkali selejiide. 

Phosphorus Triselenide or Phosphorous Selenide, PoSe^. — 
This compound may be obtained by licating together ]3hosphorus and 
selenium in the requisite atomic proportions. The reaction is accom- 
panied by a great evolution of heat. The ])roduct is a ruby-red solid, 
Avhich is combustible on heating. It is insoluble in carbon disulphide. 
^Vith metal selenides it forms double selenides of the type P 2 Se 3 . 2 MSe.‘‘^ 

Phosphorus Pentaseienide or Phosphoric Selenide, PoSe^, may 
be ]3repared ^ by melting together phosphorus and selenium in the 
atomic proportions until combination takes place. 

It is a reddish-broAvn solid, insoluble in carbon disulphide. It 
dissoWes in carbon tetrachloride on heating, from which solution it 
crystallises out in black needles on cooling.'^ It is decomposed by heat 
and burns, leawing a residue of selenium. It combines Avith the selenides 
of certain metals, e.g. copper and sih'cr, rorming double selenides. 

Attem])ts to prepare phosphorus thioselenides from the eomponeuts 
in tetraliydronaplithaleiie, in a manuer similar to that used for tetra- 
phospliorus triselenide, liaA-e failed to produce any detinite compounds. 

Phosphorus Chioroseienide, FSeCl^. — By treating phosphorus 
pentachloride Avith selenium tetrachloride, phospliorus chioroseienide has 
been obtained as a yellow substance Avhieh becomes red on heating.' 

Selenophosphates and Oxyselenophosphates.— By the action 
of phosphorus pentaseienide on aqueous solutions of the selenides of 

^ Hai, Ber., 1926, 59, [Bj, 1SS8 ; 1928, 61, [BJ, 1807. 

“ Hahn, J. 'praht. Chem.., 1864, 93, 430. ^ 11 aim, loc. cit. 

Ratlike, Annalen, 1869, 152, 181. 

° Hahn, loc. cit. ^ Mm, luc. at. 

' Bandriinont, H///'. Chun. Plrys., 1864, [4_', 2, 5. 
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the respecti\'e metals, seienophosphates of the alkali and alkaline earth 
metals and of magnesium can be prepared. The reaction takes place 
according to the equation: 

3:\IoSe+P2Se5=2M3PSe^. 

The tetraselenophosphate is not obtained in the solid state, however, 
being decomposed by water, thus : 

M3PSe.i-[-Hp===M3p$e30-r-HoSe. 

The decomposition may go still further, the compound MgPSeoO. or 
even MgPSeOg being formed. Intermediate compounds such" as 
K3PSe2.502.5 are also formed, which may be isomorphous mixtures of 
various oxyselenophosphates. 

The oxyselenophosphates may also be prepared by the action of 
phosphorus pentaselenide on the hydroxides of the metals. Normal 
salts are only obtained in the case of the alkali metals : the alkaline 
earth metals give monohydrogen salts. The following oxyseleno- 
phosphates haA'e been prepared and described : ^ 

Sodium TrioxyselenojyhospJiate, Xa3PSeO3.*20H2O, obtained by the 
action of phosphorus pentaselenide on either sodium hydroxide or 
sodium hydroselenide, crystallises in needles. 

Ammonium Oxytriseienophospliate, obtained from phosphorus penta- 
selenide and a saturated solution of hydrogen seleiiide in strong ammonia, 
crystallises from the warm mother-liquor in lea Rets having tlie com- 
position (NH4)3PSe3O.i0H2O. The cold mother-liquor afterwards 
deposits octahedra and four-sided lealiets having the composition 
(NH,)3H(PSe30)2.I8n20. 

Potassium OxyselenophospJiafc. K3pSc2-30i.5.n20, is obtained as 
greenish-yellow octahedra by using potassium Iiydroselenide. 

Barium Bioxycliselenophosphafe, BaIIPSe202.14H20. formed 'when 
phosphorus pentaselenide is treated either with a solution of barium 
hydroxide or with a saturated solution of hydrogen selenide in barium 
hydroxide, is a white, microcrystalline powder. 

Stroitium Oxijsele}}ophosphaic. obtained as a light yellow precipitate 
by the action of phosphorus pentasul])lhde on strontium hydroxide and 
treatment of the hltratc witli alcoliol. has the composition SrHPSe-O' u 
TiToO. Using a large excess of phosphorus pentaselenide the crystals 
obtained arc colourless and have the composition SrlTPSe-^O'.SIIoO, 
which may possibly be 2SrHPSc03.SrHPSe202-*24lT2C^* 

Calcium Oxyseleriopliosphaie has been obtained in the same way, 
using calcium liydroxide instead of strontium liydroxide. With the 
smaller proportion of phospliorus pentaselenide the crystals have the 
composition CallPSe-O-yaHoO, wiiilst with the larger proportion their 
composition is CaiLPSe03.8H20. 

A magnesium dioxydiseleno phosphate may also be obtained.^ 

Selexiu:^! and Carbon. 

Carbon Diseienide, GSe^, has been produced in very small 
quantity by the action of carbon tetrachloride \'apour on the selenide 

' Ex)iiraim and Majier, Bli'., lUiU, 43 , iI83. 
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of phosphorus ^ or of cacimium - heated to dull redness. In the latter 
case a mixture of hexachloroethanc, selenium chloride, selenium and 
traces oT carbon diselenide, was o'utained. The solution obtained by 
treating the mass with liquid carbon tetracliloride was shown by the 
addition of alcoholic potassium hydroxide co contain tiie diselenide, 
potassium selenoxanthate. KvSe.CSe.OKt, se])arating as yellow needle- 
shaped crystals. 

Carbon Subseienides of compositions C,^Se and €5800 have been 
described.'^ When amorplious red selenium is distilled with carbon 
tetrabromide, in the molecular proportions 2:1, t'ne greyish-black residue 
obtained after treatment with carbon disul])hide, ]3iienoJ, aicohol and 
ether in succession, has the composition CgBinSe^. Tins substance when 
heated with a A'ery concentrated solution of sodium hydroxide forms 
the selenide €480, a compound whicli dissohxes with ditiiculty in con- 
centrated sulphuric acid to give a liglit brown solution. If the sodium 
hydroxide solution of the bromosclenidc is treated with hydrochloric acid, 
a vioict-l)rown ])reci])itate of the compound C^Se., is obtained, which 
readily dissolves in hot concentrated sul'phuric acid to give a reddish- 
brown solution. 

The phenol extract of the residue from tlie foregoing distillation, on 
boiling with aqueous aicohol gives a brown, lloccuient precipitate, of 
composition ChoBrSe*, and this when boiled with concentrated sodium 
hydroxide also yields the selenide 

Other bromosclenides obtained by the interaction of selenium and 
carbon tetrabromide arc stated to have thiC following compositions : 
C3BrSe3.3H20, red crystals wutli a metallic lustre, m.pt. 120'^ C. ; 
C3Er2Se2, orange-coloured solid, m.pt. 21Ch' to 212' C. : C2Br2Se4, 
brownislnrcd leaflets, m.pt. C. 

Carbon Oxyselenide, GOSe. — By th.e action of carbonyl elhoridc 
on cadmium selemide licaued to redness, von Bartal oljtained a gas 
which contained selenium and wliieh was probably carbon oxyselenide. 
The gas did not liquefy at —SO" C. 

Carbon Suiphidoselenide, CSSe, may be ]Dre])ared by the action 
of carbon disulplhdc vapour on ferrous selenide at GoO"^ C. The product, 
on fractional distillation througbi a 50-incli bead-filled glass column, 
yields a deep ^xllow liquid as residue, Vvhicli on repeated fractiona- 
tion through the same column yields a middle fracrion of the pure 
suiphidoselenide. It is obtained as a yellove oil of boiling-point 
83*90' to 83*95' C. at 749*2 mm., and liaving a surface tension y — 40*44 
dynes, cm. at 20^ C. 

Under the action of zinc and hydrochloric acid the compound suffers 
reduction to hydrogen sulphide and hydrogen selenide. Chlorine 
reacts with it to form tlhocarbonyl tetrachloride and selenium tetra- 
chloride ; bromine acts analogously, except tliat under certain conditions 
the compound CkSoSeBig may be formed." Vfitli ammonia the products 
of reaction are ill-delined. 

^ Ratlike, An.ialert, 1S69, 152, JSi. 

^ von Bartal, Chem. Zeit., 1906, 30, 1044. 

^ von Bartal, ibid., p. SIO. 

^ von Bartal, ibid., p. 1044. 

^ Briscoe, Peel and Robinson, J. Chem. Soc., 1929, p. o6 ; Slock and Vvillfroth, Ber., 
1914, 47, 144. 

Briscoe, Peel and Pvobinson, loc. cit., p. 104S. 
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Treatment with pheiiylliydrazine in alechol solntimi vieid^ the 
compound (XRPh.XlIo) 2 CSSe. which jpmears to be a Odwibutcd 
sulphidoselcnocarbamatc analo^^ous to tlic comnound loruied odien 
phenylhydrazine reacts with carbon disulplhde. It i-s an nnwahlc 
substance witli meltino;-point OS' C. Aniline vields a sonnovhai nx>re 
stable compound (XilPlO^CSSe, with meltiuy-point 104' C. Adth a!i 
alcoholic solution of sodium ethoxide, sodium mono^elenoxanrliatie 
XaS.CSe.OEt, is formed, ddiis proves that the Miiniudo^eienide is 
analcp'ous to caXnon disulphide and carbon diselenide. 

Selexiu:vi axd Fyaxogkx. 

Three cyanogen sclcnides have been described : cyanogen mono- 
selenide or selenium dieyanide. Se(CX)o. cyanogen diselenide. selciio- 
evanogen or selenious evanide. Se.d'CX;.,. and exatnc'cn triselc'Fde 
Se3(CN),. 

Cyanogen Monoselenide or Selenium Dicyanide, Se(CX').,, rr.av 
be obtained by tlie action of silver sclenocyanidc. .VaCXiSc. on cvauoncii 
iodide. Linnemann obtained it by the decomposition of sih'cr evanide 
with selenium ])romide in carbon disulidude solution.' Cb'anoa:en tri- 
selenide heated to lOS'" C. in a vacuum also yields tlie monoselenide.- 

It consists of small tabular crystals wliicli readily sublime. It is 
only slightly soluble in water, alcohol and ether ; in chloroform and in 
carbon disul])hidc it is more soluble. It is decomposed by cold vrater 
into the triselenide. ammonium selenocyanatc and selenious and hydro- 
cyanic acids. Hot water decom])oscs it into selenious and liydrocyanic 
acids. ^ 

Cyanogen Diselenide or Selenocyanogen, Seo(GX)o.— By lieat- 
ing together selenious anhydride, anliydrous hydrocyanic acid and 
acetic anhydride to 100" C. under pressure in a sealed tid)c until solution 
is complete, tliere arc formed on evaporation of tlie pu’oduct. yellowisli 
crystals which liave been regarded a.s impure eyaiiogen diselenide. 
Se 2 (CX) 2 . On examination under tlie microseo])e tliese yellowish crystals 
appear as a mixture of brownisli ]biates and ncedle-sliaped crystals.^ 

The action of iodine on silver selenocyanate yields selenocyanogxm.’^ 
AVhen ipotassium selenocyanate dissolved in aidhydrous acetone reacts 
with a solution of lead tetra-acctatc in cldoroibrm. lead selenocyanate 
and selenocyanogen result.'^ 

The diselenide has an intensely disagreeable' smell and its \'apours 
are very poisonous. It is hydroivsed by water thus : 

2Seo(CX)2-3lmO-Il2SeO.AIICX-3HCXSc : 

the seicnocyauic acid is only stable in neutral or alkaline solution. The 
diselenide is also rcccdily dcconnioscd by w'arm alcohol, and by dilute 
acids or alkalis. It undergoes polymerisation when heated in carbon 
disulphide solution, forming cyanogen mono- and tri-seleiiides : 

2Se2(CX)2-Se(CX)o-bScw(CX)o. 


^ Linnemann, Aruialcn, 1849, 47. 

‘ Vernenil, Aiin. Cliirn,. Fhys., i8S{3, 4)_, g, 289. 

Verncuil loc. cii. " Hmsberg, 1890, 260, 40. 

5 This reaction has been studied by Birckcnbach and Kehcrmann, Ber., 1925, 58, [B], 
■7. Kanfniann and KOder, Bcr., 1026, 55, [B], ITS. 
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Seleiiocvanoo'en niav Lo identified ^ by eon^'ersion into diantipvrvl 
selenide, C,,H,,OoN‘iSe. in.])t. 23CU C. ‘ 

Cyanogen Triseienide, Se-^iCN).,, niciy be prepared by the action 
of a current of chlorine diluted with air on an aqueous solution of 
potassiuin selenoeyanate. KCXSe. It may also be advantageously 
obtained b}’ the action of nitric oxide on a paste of potassium seleno- 
eyanate with water. 

It crystallises from water in needles which melt at 132" C. and decom- 
pose at 148*0° C. From chloroform solution it crystallises in golden- 
yellow tabular crystals. Some selenium is deposited from its ether 
and alcohol solutions. It is soluble in benzene and in carbon disulphide. 

When acted on by hot water, cyanogen triseienide reacts according 
to the equation : 

2Se3(CX)24-2H20-5Se-i-Se0,-f4FICX. 

Calcium carbonate decomposes tlie triseienide thus : 

2Se3(CX),+3CaC03-2Ca(CXSe).>--CaSe03-Se-|-3C0,. 

The triseienide acts vigorously on many organic compounds with pro- 
duction of selenium, but the exact course of the reaction has not been 
ascertained in any one ease as the products appear to be of a complex 
character.^ 

Selenocyanic Acid a) id the Selenocijanates, 

Selenocyanic Acid, HGNSe, may be ])re])ared in solution by 
decomposing the lead salt (obtained by treating potassium selenoeyanate 
with lead acetate) witli Ircdrogen sulphide.^ It is stable only in 
neutral or alkaline solution. Selcnocijanuric acid lias been obtained'^ as 
a red amorphous powder by the action of cyanuric chloride on sodium 
selenide and subsequent precipitation by acids. 

Ammonium Selenoeyanate, NH.jGNSe, may be obtained by 
double decomposition between potassium selenoeyanate and ammonium 
sulphate and subsequent digestion with alcohol. It is a fairly stable 
substance, analogous to the sulphur compound. It crystallises in 
minute needles whicli are soluble in water with absorption of heat.^ 

Gaesinm Triselenocyanate, Gs(GNSe) 3 , has been isolated*^ as a 
reddish-brown salt, stable in air ; it is soluble in alcohol, but decomposed 
by water. 

Galcium, Strontium and Barium Selenocyanates have been 
prepared " by dissolving the corresponding carl^onates in selenocvanic 
acid and evaporating over sulphuric acid in vacuu. The calcium salt 
crystallises in groups of stellate crystals : the strontium salt separates 
out in well-defined prisms, while the barium salt is also crystalline. 

Copper Selenoeyanate is a brown precipitate obtained by precipi- 
tating copper sulphate with potassium selenoeyanate. It is rapidly 

^ Ivaufmann and Kogler, Ber., 1926, 59 , [B], 178. 

“ Verneuil, Aiui. Chun, Phys., 1886, [ 6 j, 9 , 289 ; Mutlimann and Schroder, Rer., 1900, 
33 , 1765. 

3 Stolte, Ber., 1886, 19 , 1577. 

Stolte, loo. cit. 

^ Cameron and Davjn Ghern. News, 1881, 44 , 63. 

® Birckeiibach and Kellerinaiin, Bar., 1925, 58 , B', 2377. 

“ Crookes, Quart. J. Ghern. Soc., 1852, 4 , 19. 
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decomposed even at ordinary temperatures into black seienide of copper, 
v’ith formation of I'ivdrogen selenided 

Lead Seienocyanate has been o'btained a.^ a iera.oii-veliovr com- 
pound by the action ol‘ lead acetate on potassium selenocvanate. It is 
soluble in boiling Avater but is slightly decomposed. TiiC salt mav be 
exposed without decomposition to a temperature of Kto' C.. but \vlicn 
moist assumes a pink tint.^ 

Magnesium Selenocyanate, Mg(CXSe)_,, luis hc-en nrr])arcd bv 
dissolving magnesium oxide in selenocyanic acid. On evaimration tim 
salt is obtained as a gummy mass, ainmrently devoid of ervstaiii!iC 
structure.- 

Mercurous Selenocyanate, HgovCNSe)^, can be obtained as mi 
olive-green precipitate by the action of merciiroiis nitrate on norassium 
selenocyanate.^ 

Mercuric Selenocyanate, Hg(CNSe)o, forms a crystalline mass 
Avhen mercuric acetate is treated Avitli potassium selenocyaiuire. T'P.e 
crystalline mass consists of white needles Avhich are slightly soluble in 
cold water but readily soluble in alkali cyanide, tliiocyanatc and seleno- 
cyanatc solutions. Mercuric selenocyanate turns brown ::i air and is 
decomposed by heat.'^ 

A double compound IlggCXSe-o-HgCf. has i)ee:i obtained and de- 
scribed by Crookes. It consists of yellow crystals which are slimitly 
soluble in cold water, more readily soluble m hot Avater. It is also A’ery 
soluble in alcohol and in dilute hydrochloric acid, but it appears to 
decompose in the latter solvent, as the solution deposits selenium atrer 
standing for some time.*' 

The i‘olloAAdng double mercury com])ounds lia\'e been ])reparcd and 
described by Cameron and DaA'y : ® 

KCXSe.HgBro. KCXSe.HnB- KCXSe.IIn= CX i 
KCXSe.Hg(CXS),. and ' KCXSe.IIg(CXfSe'),. 

Potassium Selenocyanate, KCNSe. — Berzelius ])i\ pared this salt 
by the action of selenium on potassium ferrocyanide : ’ 

K 4Fe(CX — fSe — f-KCX'Se -7- FeC o — X” ,■ 

By iVisingpurc potassium cyanide with selenium. }diithmann and Schroder 
obtained potassium selenocyanate satisfactorily.^ 

The salt crystallises in very deliquescent needles. Tlie aetion of 
chlorine on its solution is conj])lex. intermediate eom])ounus beinn 
formed : the solution becomes dark red. some selenium is ipreeipitaied. 
and cyanogen triscleiiide is linally formed, ilie mani reaction may 
probably be expressed by the equation : ^ 

16 KCXSe-- 7 CU-b 3 lLO- 5 Se.dCX)o--KoSeO,-()IiCX- 14 KCL 

Crookes, luc. cit. 

“ Berzelius, ScJwjeirjfjpys J., 1S2J, 31 , 60 ; Lassaigne, J. Chi,n. Med., iS40, [2 , 6 , 618 ; 
Crookes, loc. ctL 

^ Cameron and Davy, Chein. Neics, 1S81, 44 , 63. Cameron and Davy, loc. cit. 

^ Crookes, Annalm, 1851, 78 , 183. *’ Cameron and Dav}’, loc. cit. 

' Berzelius, Traite de Gkimie, 1847, 3 , 105. 

Muthmann and Schroder, Ber., 1900, 33 , 1765. 

^ Verneuil, Compt. rend., 1886, 103 , 144 ; Bull Sgc. cliim., 1884, 41 , 13. 
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Iodine reacts with potassium selenocyanate in solution in the pres- 
ence of much sodium bicarbonate according to the following equation : 

K CX S e ~ dl d" 3K oO ~ 11 oS eO 3 -- X I -p HI + 1 CX . 

Hy using excess of iodine and titrating after one liour vrith sodium thio- 
sulphate in tlie ju’csejicc of a little carbon disulphide, the reaction may 
be used for the determination of tlic scienocyanateA 

A double selenocyanate of potassium and ])latinum may be ob- 
tained by mixing alcohol solutions of potassium selenocyanate and either 
jdatinum tetrachloride or chloroplatinic acid.'*^ The double salt, yotassiwii 
platiselenocycriude, KoFt(CX'Se)fj, consists of hexagonal plates, density 
3-377 at 10-2" C., dark red by transmitted light and black by reflected 
light. The gold salt, KAu(CXSe).2. is obtained in a similar manner and 
consists of very easily decom])osable dark red prisms. 

Silver Selenocyanate, AgCNSe, is obtained as a white ])recipitate 
closely resembling silver chloride by the action of silver nitrate on a 
solution of potassium selenocyanate. If. hov/ever, ammonia is previousl}" 
added in excess to the silver nitrate solution, the selenocyanate is pre- 
cipitated in minute satin-like crystals. 

vSilver selenocyanate is readily blackened by the action of light. It 
is insoluble in water and only very sjxiringly soluble in ammonia and cold 
dilute acids. It is decomposed by boiling concentrated acids with the 
deposition of selenium, unless the acid used has oxidising properties. 

Sodium Selenocyanate, NaCNSe. — By neutralising selcnocyanic 
acid with sodium hydroxide and cA'aporating the solution in vacuo, 
small foliated crystals of sodium selenocyanate. are obtained. Sodium 
selenocyanate is very soluble in water, giving an alkaline reaction.''^ 
Zinc Selenocyanate may be obtained by dissolving either the 
metal or its oxide in selenocyanic acid. It forir.s groups of prismatic 
]ieedlcs, whicli arc not deliquescent.^ By the action of selenium on a 
solution of zinc cyanide in liquid ammonia, the compound Zn(CX'Sc)2. 
4XH3 has been obtained. Similar compounds of magnesium and 
aluminium liave also been described. 

SeLEXIUV VXD SiLICOX. 

Silicon Selenide, SiSco. — IVlicn crystalline silicon is heated to a 
]’ed heat in a current of dry liydrogcn selenide reaction takes place with 
the formation of silicon selenide : ^ tlie product is a dark, waiegated mass, 
of metallic appearance, and has a very irritating odour. When heated 
to a dull red heat in a current of air or oxygen it undergoes oxida- 
tion Avitb the formation of seleiiium, but the reaction is only superficial. 
W'ater reacts A’igorously with the selenide with the j^^roduction of silica 
and the libei’ation of hydrogen scleiiide. The silica forms a protective 
coating which hinders the total decomposition of the selenide. The 
reaction is more complete in the ]3resenee of caustic jmtasli, which 
dissolves both the silica and tlie iiydrogen selenide. 

^ Kaufmann and Kogler, Ber., 1026, 59, [B], ITS. 

- Clarke and Dudley, ibid., 1S7S, ii, 1325. 

“ Crookes, Annalen, 1851, 78, 177. 

Crookes, J. Cheni. Soc., 1S52, 4, 19. 
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Selenium and Boeox. 

When iron or nningancse boride is heated in selenium va])oiir tiie 
product obtained is contaniiiiated with a yellowish - arey r>;dwtance 
w'hich is selenium boride, BoSe 3 w This has also been obtained “ bv 
directing either selenium vapour or a current ot Iiydrogen stlenide gas 
on to red-hot boron. Selenium boride is a yellow solid wiiich gives an 
irritating odour of hydrogen selenidc wdien exiiosed to moi>t air. some 
boric acid being formed at the same time. 

^ Hoilinann, Ckem. Zclt., 19il, 35 , 713. 

" SabSitieT^ Cornjjt. .-LiuL, 1S91. 1:2. let'.;;. 


CHAPTER VI. 

TELLURIUM. 

Symbol, Te. Atomic weight, ]*2T*5. 

Occurrence.— Tciluriuai occurs to a relatHely smah extent in nature 
and is only ibiind in certain localities, more particularly in Hungary 
(Transylvania) ^ and in tlie United States (especially Colorado).- ft 
occurs in smaller (piantity in various parts of South America, e.g. in 
Holiviap ]h‘a/il and Cliile, also in Mexico/^ Kondurasp AustraliaC’ and 
Asia IMinor.” 

In the native condition tlie eleinent is occasionally found as hexagonal 
prismatic crystals, wliich are nearly ])ure. The foreign metals present, 
usually only in small (piantity, may be gold, silver, copper and iron. 
Free tellurium is also present to the extent of approximately 0*17 per 
cent, in tlie red sulpliur of Ja])an,, whicli also contains about 0 ])er cent, 
of selenium and 1 per cent, of arsenic.^ Traces of tellurium may be 
ibund in Spanish pyrites.'^ 

The element occurs most irequently as telluride, the accompanying 
metal lacing variable. Tlic better known natural tellurides include 
those of nickel {rtieloniie, I\i.>Te 3 ), bismuth {tetrcidyviUe. which also 
contains sulphur, Ih/FeoS. and joseile, of similar cpialitatix'c conpmsi- 
tion). lead {aliaife, ImTe), mercury [caloradoite, IlgTc), siivca’ {l/essite, 
AgoTe) and gold {erdaverUe. AuTco). 

In addition to the tellurides o!' simple composition, double tellurides 
are known ; e.g. sylvanite {graphic tellurium) and ■petziie, gold-silver 
tellurides. Even more complex mixtures occur, e.g. tlie -Vustralian 
coolgardlfe and ccilgoorliky wliicli are {Viixtures of sewral sim])ler tellurides 
and contain tellurium, mercury, silver and gold.’*^ The mineral nagya- 
gife, also known as '' lea!‘ teliurium,'' a]3])roximates in composition to 
(AuPb)o(TeSSb)3. 

Tellurium oxide, TeOo, is found iii rlionibic crystals as the mineral 
telhirite, whilst ferroielluriic is probably an iron tellurate, emm.onsiie 
and dicideiLsite being similar compounds. Other naturally occurring 
tellurates are tnoitanife. a basic bismut ii tellurate. and niagnoliie, a 

^ Petz, Alin. Ph.ys. Chcni., 1S42, [ii.], 57, 4G7 ; ^^ulllra^^n and Schroder, Zcil.scJi. 
Knjst. 1S97, 29, 140. 

- Egleston, CJiern. dve?./Av, ISSo, 47, 51 ; Vineent., Bull. Soc. chim., 1902, [m.], 27, 23; 
Rollaiid, A^nn. Mines, 1S7S, [vii.], 13, 150, 200. 

Schneider, J. 2')raJct. Chem., ISSl, [ii.], 23, 78. 

* Doineyko, Comjjt. rend., 1875, 81, 632 : de I.ondero, Zeitsch. Jxryst. Aihi., 1887, 13, 
320. 

^ Dana and Wells, Amer. J. Sci., 1S90, [ii.], 40, 78, 82. 

Absir. Chem. Soc., 1898, 74, ii., 385 ; vlaclvor, Che.m. Wca/.v, 1900, 82, 272. 

‘ Cesaro, Bull. Acad. roij. BeJg., 1908, p. 255. 

s Divers and Shimidzu, Cheni. Xeics, 1883, 48, 284 ; Divers and Shiinose, ibid., 188], 
44, 229 ; 1SS4, 49, 26. 

^ Playfair, Chem. Xtws, 1879, 39, 245. 

Liveine, Ena. and Min. J. I'Xew Yorkh 190.3. 814. 
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mercurous tellurate. Arsenoiellurile contains teliuriurr., arsejiU- iuid 
sulphur.^ 

Early History. — The existence of tellurium ^vas iirst indicated at 
the beginning of 1788 b}- IMuller of liermannstadt. vvliose exneriinents 
suggested that the mineral known as aunnn paraihru-n ;an auriferous 
native tellurium) contained a new element. Berarnann of U])sala in 
1783 concluded that a new element had actually i)een isolated. In 
1789 the element was discoA'ered independently by Kitaibcl. and ti"is 
discovery was confirmed in 1798 by Klaprotli of Eerlin. wiio suuacsted 
the name tellurium (Lat., iellus, the eartli).- d.. sy.stcrnatic exaununation 
of the chemical behaviour and characteristics of tn.e new element wai^ 
first carried out Im Berzelius in 1835." 

Extraction.— Tlie ])rocesscs which ha\'e been used fort lie extraction 
of tellurium from its minerals and irom the residues olkaineJ from tiie 
metallurgical treatment of telluriferous ores of other metals, are ntatiwB' 
numerous, a different ]^rocedLire liaving been adopted in almost cverv 
case. In effect, however, the principles involved are fev.u Tlie tellurium 
may be obtained as alkali telliiridc by heating with alkali carbonate 
and a reducing agent, when the aqueous solution can i)e sulomittcd to 
atmospheric oxidation, Avith liberation of the teliiirium." Tins method, 
usually folloAved for bismuth tclluride ores, resembles in <ome ropects tiie 
method of treatment of mixtures containing free tellurimn ; e.g. ’■ cham- 
ber mud,“ iTom Japanese sulphur, is extracted with alkaline potassium 
cyanide solution, the resulting soluiion of unstable potassium telluro- 
eyanicle on treatment Avith hydrogen sulpiride giA'ing a deposit of tel- 
lurium sulphide; this deposit can again be converted into potassium 
tellurocyanide by fusion Avith ])otassinm cyanide and tiie teliurium then 
se]}aral'ed by atmospheric oxidation of the solution.'' 

On the other liand, es])eeiaHy in tlie case of the gold and siiA'er ores, 
a ]:>roeess of oxidation may be applied. Oxidation may be efieeted hy 
fusion Avith a mixture of potassium nitrate and alkali carbonate.''' by 
the action of aqua regia " or even by merely lieating witli concentrated 
or fuming sulplniric acid.^ The last-named reagent, m rne form of 
oleum containing *20 per cent. wSO:., is now generally a|)])lied for tlie 
extraction of tellurium from /ar.v.vhc- bearing ore. tlie eartliy mineral 
containing 4 to 5 ])er cent, of simer teiiunde. which constitutes one 
of the two most im])ortant sources of commercial tellurium, the other 
source beingthe anode mud '' of the eo])pcr refineries.^ After oxidation. 
AA’ater is added, and sih'ei*, tine mam imoduct oi the extraction, is pre- 
cipitated by the addition of hydrochloric acid. The aqueous solution 
of the resulting tellurous or telluric acid is tnen iicated with a reducing 
agent, sulphurous acid being frequently applied, although jmetals such 
as zinc ma.y be used,^^ the telluriirm being precipitated.^' If aqua regia 

^ Hannay, Trans. Clieni. Soc.. 1873, 26, 989. 

- Klaproth, Crell's Annultit, 1798, i, 9l : Liiraarr, 2' CTi/n., 1920, 33, 
299. 

^ Berzelius, Ann. Cltun. FJu/s., 1835, 5S; 113, loU, 22.) : d..'/;. dyq/r. Cnmi.. 183.1, 28, 
392 ; 1834, 32, 1, 577. Tlie.ie praters account; of Beizelius nn'esrigaiions on 

tellurium. * 8ee Becker, AnnaUn, 1876, 180, 257. 

Shimose, Cheni. News, 1884, 49, 26. Berthier, A/i.’i. Cltun. Pnys.. 1832, 51, 156. 

Schrotter, Btr., 1876, 6, 552. ^ tarbaky, Zciisch. an'jiw. Chew.., 189 j, ir, IS. 

See Dvson, Chemical Age, 1928, 19? Met. Sect., p. 17. 

Lowe, J. prakt. Chem.., 1853, 60, 163. 

See also Hulot, Bull. Boc. chim., 1921, fiv.], 29, lO/U, 
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has been used as the oxidising agent, gold is first removed by means of 
ferrous sulphate and oxalic acid. 

The '' anode mud is now a inindi more impoixanL source of telluriLini 
than any of the minerals. The mud is generally roasted in a current of 
air, vlien tellurium dioxid^e is formed. Tins condenses, togctlier with 
oxides of arsenic and antimony, as small white crystals in the dues and 
cooling chambers, and is reduced to tellurium by smelting vdlh eliareoal 
at a low temperature. ^ 

The crude product from any of the foregoing processes usually con- 
tains from 70 to 85 per cent, of tellurium. 

Purification. — Taking info account its relatively small practical 
importance, no element has liad more time or thought dc^mted to its 
puriheation than has tellurium. This arises largely from the unex])ccted 
position of its atomic weight amongst the coiTes}K)nding figures for the 
other elements. The variation in the results obtained supplies good 
evidence that the entire removal of impurities is a difTicult task.‘^ 

Different types of methods for purification have been a.pplied. 
Brauner in 1SS9, by means of aqua regia, converted crude tellurium 
into telluric chloride, the aqueous solution of which on precipitation b}^ 
sulphur dioxide deposited the element together with selenium and traces 
of copper and lead as the only impurities." The precipita.te was dissolved 
in fused potassium cyanide in an atmosphere of hydrogen and the 
tellurium separated from the aqueous extract by treatment with a 
current of air. The element was then distilled in a current of liydrogen ; 
an alterna.tive is distillation in a A'acuum.''’ Another inetliocl of treat- 
ment for the telluric chloride solution is to precipitate in three fractions 
using sulphur dioxide, wlien it is found that the middle fraction is of a 
high degree of purity.^' 

Another group of methods involves the conversion of tlie tellurium 
into some compound, inorganic or organic, wlvlcli can be puriticd and 
then made to regenerate the element. Hydrogen telluride,' crystalline 
telluric acid,^ basic tellurium nitrate and di])licnyi teiliiridc have all 
been made use of. 

Under suitable current conditions, tellurium may be deposited 
electrolyticall}" in a very pure form from sulphuric acid solution. 

Physical Properties. — Tellurium is kiiovvii in aunorjihous and 
crystalline forms, but it ajyiears to diifcr from sulphur and selenium in 

^ For the recovery of tellurium from copper residues, see V\’hilehead, J. Atncr. CliOm. 
aS'oc., 1S95, 17, 849, sAd ; Lenlier, ibid., 1S99, 21, 347, ikli ; Keller, ibid., 1897, 19, 771 ; 
Crane, jO/ier. Clieiii. J., 1900, 23, 408; Oberlielmaii and Bi'owtniig, A)/U:.r. J. Sci., 1913, 
[iv.], 36, 399 ; from gold residues, Crane, A/iiar. Chem. J., 1900, 23, 435 ; from hismuth 
residues, hlatthojg Proc. PiGy. Sac., 1901, 68, 161. 

- Baker and Bennett, Trans. Chci>i. Soc., 1907, 91, 1849 ; Olarckv'ald, Ptr., 1907, 40, 
4730; Plareourt and Baker, Trans. Chr.rn. Soc., 1911, 99, 13il ; Browning and Flint, 
Ainer. Cheni. J., 1909, 28, 347 ; Flint, J. Aitner. Chem. Soc., 1912, 34, 1325 ; Morgan, ibid., 
1912, 34, 1669; Lenher, ibid., 1303, 30, 741 ; Seiieile, Sevenlk Intern. Corajr. Ay pi. Client., 
1909, [iii.], A, 80. 

^ Brauner, Trans. Cheni. Soc., 1889, 55, 411. 

See also Becker, Annalen, 1876, 180, 257. 

Schuller, Ann. Phys. Chem., 1883, [iin], 18, 317. See also Kahlbaum, Roth and 
Siedler, Zeitsch. cinorg. Chem., 1902, 29, 177 ; Krali't and Merz, Per., 1903, 36, 4344. 

^ Kothner, Annalen, 1901, 319, 15. 

^ Bitte, Ann. Sci. ih'cole Norm., 1872, [ii.], i, 193. 

^ Slaudenmaier, Zeitsch. anorg. Chem., 1896, 10, 189. 

^ Xorris, Fay and Eagerly, Amtr. Chem. J ., 1900, 23, 105. 

Steiner, Ber., 1901, 34, 570. 
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that it yields only one variety of each form. It may also be obtained in 
colloidal solution. 

Amorphous Tellurium is a brownish-black powder usually obtained 
by precipitation methods, for example by reducing a solution of tellurium 
dioxide with sulphurous acid.- On heating it is transformed into 
crystalline tellurium with development of hekt : 

Tcamorph. ^^Te,;ry::r. " 1 “ 2G30 caloncs. 

It resembles the crystalline variety in behaviour except in such proner- 
ties as are influenced by its fineness of division. The electrometric 
properties of the two forms are identical.- The density of the amor- 
phous form ranges from 5*85 to 5*87 ; ^ the specific heat is 0*052." 

Crystalline Tellurium. — Molten tellurium solidifies to a brittle, 
silvery, crystalline mass, which is easily powdered. The crystalline 
modification can also be obtained by sublimation of the element or bv 
its slow formation, for example in the gradual decomposition of hydro- 
gen telluride^ or in the slow atmospheric oxidation of an aopieous 
solution of an alkali telluride.® When obtained of ap])reeiablc size the 
crystals are generally found to be prismatic, of tlie trigonal system, and 
isomorphous with ^'metallic’' selenium (a : 6’ = 1 : 1*3298 ; a=:^S6*S').’^ 

The density of crystalline tellurium is curiously variable, tlie mass 
obtained after fusion having a density about C*24, whilst distilled or 
precipitated tellurium generally gives a lower value, usually 6*15 to 
6*23.^ According to Cohen and Kroner^ the density alters under the 
influence of heat, and this, together with other inconstancies, is attri- 
buted to the presence of two dynamic allotropes in ordinary tellurium, 
the density as well as the other physical properties depending on the 
relative proportions. This view is not supported, however, by the 
more recent work of Damiens, in which the tellurium used had been 
carefully purified by successive distillation in hydrogen and in vacuo, 
followed by crystallisation either by vaporisation or by slow cooling 
of the molten material. The density of the tellurium obtained by 
vaporisation was found to be 6*310, and this value did not alter on 
heating. Specimens prepared in other ways were slightly porous and 
consequently had a slightly lower density. 

The compressibility of tellurium at 25' C. between 100 and 500 
megabars is 5*00 X 10"^ per megabar, a value which falls on the smooth 
compressibility - atomic volume curve for the elements. 


^ Beljankin, J . Russ. Rhys. Chem. Soc., 1901, 33, 670. 

- Sciiulimann, J. Amer. Chem. Soc,, 1925, 47, 356. 

^ Damiens, Compt. rend., 1922, 174, 1344, 1548. Beljankin, however, gives 6-02 at 


20" C. 

^ Regnault, Ann. Chini. Rhys., 1836, [2], 62, 364 ; 
^ Ditte, Coinpt. rend., 1872, 74, 980. 

‘ Rose, Ann. Rhys. Chem., 1849, [ii.], 77, 146 ; i 


Fabre, ibid.. ISST, [6j, 14, 161. 

® Beljankin, loc. cit. 
ilso Kahlbaum, Zcitsch. anorg. Chem., 


1902,29,288. . , .. -n 

® Klein and Morel, Ann. Chini. Rhys., 1885, [vi.], 5, 61 ; Beljankin, loc. cu. : la\ ana 
Gillson, Amer. Chem. J ., 1902, 27, 81 ; Kahlbaum, Roth and Siedler, Zeitsch. cnorg. Chem., 


1902, 29, 289. 

^ Cohen and Kroner, Zeitsch. phy si kal. Chem., 1913, 82, 58 «. 

Damiens, Cornpt. rend., 1922, 174, 1344 ; Ann. Chun., 1922, [ix.], 18, 2S2. ^ 

The tensde strength of large single crj-stals of teUmium has been determined, see 
Schmid and VVassermann, Zeitsch. Rhysik, 1928, 46, 653. 

1 niegabar=0*987 atm. at sea-level, 45" latitude. 

Mehl and Mair, J . Ame^r. Chem, Soc., 1927, 49, 1892. 

VOL. VII. : II. 
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SULPHUR, SELENIUM, AND TELLURIUM. 

Teliurium melts at 452'' C.^ and boils near 1390° C. under ordinary 
pressure,- but A^olatilises at as low a temperature as 430° C. in a cathode- 
ray vacuum ; the vapour is yellow in colour.^ Like the density, the 
speeihc heat of the solid is inconstant, ranging from 0-0475 for tlie 
distilled clement to 0-0524 for the precipitated amorphous substance.^ 
It has been observed ^ that exposure to X-rays increases the speeihc heat 
of tellurium by about 8 per cent., possibly owing to a change in the 
structure of the element. 

Solid tellurium is a bad conductor of heat and electricity ; ^ a maximum 
value for the electrical resistance has been observed and placed at 50° 
to 140° C. by dillcrcnt investigators." The occurrence of this maximum 
has also been attributed to the presence of two dynamic allotropic 
forms. At higher temperatures, above 3G0° C., the specific resistance 
decreases exponentially with rise in temperature.® 

Liquid tellurium is comparatively a good conductor of electricity, 
the specific conductance at the freezing-point being about 15 times that 
of the solid, whilst at 500° C. it is equal to one-sixth of that of mercury 
at the ordinary temperature.^ 

Tellurium shows a higher resistance towards an alternating current 
of high frequency than towards a direct current. tixposure to light 
causes a very slight increase in the electrical conductivit}',^^ the effect 
being very much less than that produced with selenium. 

The ” LI all effect.'’ i.e. the dis])lacement of the equipotential lines 
when a current flows along a thin strip of metal placed between the 
poles of a magnetic held, is greater in the case of tellurium than for 
any other metal, the constant being 4-530.^- Tellurium is diamag- 
netic, its susceptibility being — 0-32xI0~®, a value which varies 
only slightly with the temperature but falls suddenly at the melting- 
point. 

The linear coeflicient of expansion of tellurium at the ordinary 
temperature is 0-0000344.^^^ The latent heat of fusion at 446° C. is 
33-50 gm. cals.^^ 

Molten tellurium dissolves many metals and its cryoscopic constant 

^ 8nnek and Steliiik, Fyril. Chnn. Abs., 1930, A, 986; Carnclley and Williams, Trans. 
Cherii. ^oc., 1880, 37, 125 ; Mauhey, Froc. Fay. Soc., 1901, 68, 161. 

- Deville and Troost, Coi/i.pL rend., 1880, 91, S3. 

^ Kraft’t and others, JT:r., 1903, 36, 1690, 4344. 

Rognault. Ann. Chi/n Fhys., 1856, hii. !, 46, 257 : Fabre, ibid., 1887, [\'i. j, 14, lOJ . 

Adinolli, Atti R. Accad. Linen, 1928, fvi.], 8, 381. 

^ ]\latthipssen, .-1/?/?, Phys. Chern., 1858, di.J, 103, 431 ; Lenher and Horgaii, J . A'iner. 
Clirni. Soc., 1900, 22, 28. 

■ Ilauhiessen, Ann. Phyn. Chenn., 1S62, di.], I15, 385; Tibbals, J. Aincr. (dhnn. Soc., 
1909, 31, 902 ; Haken, Ann. Fhy-sil:, 1910, 14:, 32, 291. 

® Kraus and Johnson, ,/. Phy.sical Chern., 1928, 32, 1281. 

The specilic resistance of mixtures of tellurium with up to 85 atoms per cent, of 
sulpliur has been measured over the temperature range 382^ to 477" C. bv Kraus and 
Johnson, loc. cif, 

Geipel, Ann. Physik, 1912, [4', 38, 149. 

Adams, Ann. Phys. ('Jn-ni., 1876, [li.'j, 159, 629. 

Collet, Cu'/njjt. rend., 191.1, 156, 943. 4 or a study of the liall elhau " in s])Utterod 

tcdluriiun films, see W'ai-burton, Phys. RerifV', 1927, rii.*^!, 30, 673. 

Honda, Aaa. Rhynih, 191U,‘'i4h 32, 1027: Fndo, Sci.' Rnp. Tdkolcn J n, n Vnic 
1927,16,201. ' ^ , 

Spring, Ball. Acad. ray. Bchj.^ 1881, iiii.j, 2, 88. This value is double tliai obtained 
by Fizeaii, Cornyd. rend., 1860, 68, 1 125. 

Umino, Kvnzohu no KenJcii, 1926, 3, 498. This author also uives tiie heat of a mole- 
cular transformation at 348"^ C. as 0-63 gm. cals. 
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has been found to have a value between 510 and 535/* TeHiiriuin itself 
dissolves in pyrosulphuric acid, and freezing-point dcternrhiations slunv 
that it is present in this solution as monatomic molecules - (e/1 n, 357,:. 

The optical constants — refractive indices, reilecting ])owers and ab- 
sorption constants — of isolated crystals of telluriimi placed in various 
positions relath’e to the plane of incidence have been determined for 
wave-lengths of 3000 to 5000 A. The absoi*])tion of liglit by telluriimi 
vapour reaches a maximum at 1200" 

Vapour density determinations show that tellurium is dnatomic at 
high temperatures (about 1500“ C.)r' whilst at 2100' C. considerable 
dissociation into single atoms has taken place. According to Joiiniaux 
the element is monatomic at 357" C. At lower temperatures, as iii the 
case of sulphur and selenium, the molecule is more complex. Tlie 
vapour pressure of tellurium has been determined " and is as follows : 

i{^C.) 488 578 071 

2 ? (atm.) 6-10 X 10-^ 4*40 x 10”^ 1*86 x 10“-, 

and the mean value for the heat of volatilisation has been calculated to 
be 26-5 cals, per gm. mol. 

Colloidal Tellurium. — On reduction of dilute solutions of tellurium 
dioxide or telluric acid by means of hydrazine, hydroxylamine. hypo- 
phosphorous acid, sulphurous acid or salts of these compounds, brown or 
blue colloidal solutions can be obtained, the stability of which is greatly 
increased by the presence of an organic colloid such as gum arabic. 
sodium lysalbate or sodium protalbate.^ Similarly the addition of an 
extract of the seeds of Plantago peylUum, in amount not exceeding 
0*3 per cent., renders extremely stable the sols obtained by the reduc- 
tion of telluric acid with hydrazine hydrate.^ Stable sols may also be 
obtained by the reduction of telluric acid with dextrose in the presence 
of ammonia. Dialysis does not completely remove the adsorbed 
dextrose and this undoubtedly contributes to the remarkable stability.^^ 
The particles of colloidal tellurium in these sols are negatively charged. 

Tellurium in a very hnely divided condition may be obtained by 
mixing aqueous solutions of dextrose (30 per cent.) and sodium tellurite 
(5 per cent.) and heating to boiling for half an hour.^^ 

Various other methods of preparing colloidal tellurium have been 
described. If a small quantity of the element is dissolved in a boiling 
solution of potassium hydroxide and the product poured into a large 
bulk of cold water with vigorous stirring, tellurium remains in colloidal 
solution.^- Colloidal aqueous solutions have also been produced by 

^ Pelabon, Ann. Chini. Phys., 1909, [viii.J, 17, 536 ; Coinpi. rend., 1908, 146, 139 i. 

“ Auerbach, PjelUch. physibil. Chem., 1926, 121, 337 ; KoUokl-Zeiisch., 1926, 38, 343. 

" Miller, J. Opt. Soc. Auitr., 1925, 10, 621 ; Sieg and van Dyke, Phyn. Pcrieir, 1923, 21, 
206 ; 8ieg, ihld., p. 211. 

^ Uobbic and Fox, Proc. Boy. Soc., 1920, [A], 98, 147. 

von Wartenberg, Z>n(.<ch. anurg. Chem., 1907, 56, 320; Dobbie and box, loc. at.; 
tiouniaux, B/dt. Soc. chi//i., 1924, [iv.j, 35, 1607. ^ duuniaux, loc. cit. 

‘ Loolan and Partington, Trane. Faraday Soc., 1924, 20, 342. 

^ Giitbica', Zeiisvh. anorg. Ghetu., 1902. 32, 51, 91 ; Gutbier and Re:^enscheck, Ibid., 
19()4, 42, 177 ; Paal and Koch, Per., 1905, 38, 534. 

•’ Gutbier, Fliiber and Eckert, Kolloid-Zdtech., 1923, 32, 329. 

Gutbier and Ottenstein, Zeitech. anorg. Chan., 1925, 149, 223. 

Levaditi, B^rench Patent, 626506 (1926). 

von Weimanpand Maljishell, J . Ru&s, Phys. Chern, Soc., 1910, 42, 484. 
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the cathodic pulverisation of tellurium under water/ and by the electro- 
lysis of an aqueous solution of telluric acid containing either potassium 
cyanide or ammonium oxalate.- 

The presence of colloidal tellurium in glass produces a colour tint 
which varies from blue to brown according to the size of the colloid 
particles, the blue glass containing larger particles than the brown. ^ 
Polytellurides are present in some coloured glasses and impart a colour 
which is red or violet-red. 

The coagulating powers of various electrolytes for tellurium hydro- 
sols have been determined ; ^ the results obtained do not agree with 
Whetham's law. 

Spectrum.^ — The arc and spark spectra of tellurium have been in- 
vestigated, the arc being produced in an atmosphere of carbon dioxide 
between tellurium electrodes or between carbon electrodes one of which 
carried pieces of tellurium in a small cavity. Fifteen distinctive lines 
between 3175 and 2081 A ^ and forty of wave-length less than 2080 A ^ 
hai^e been measured. The most prominent lines are : 2142'75, 2259-02, 
2383-24, 2385-76, 2769-65 and 3175-13 A. The lines at 2769-65 and 3175-13 
have been shown to be distinct from those of antimony (2769-94) and 
tin (3175-04) by photographing the spectra of mixtures of these elements 
with tellurium, when in each case the two separate lines were obtained.® 

The non-luminous vapour of tellurium absorbs the lines 2081, 2143, 
2147, 2209, 2259, 2383 and 2386 A. At 1600^ C. the vapour, presumed 
to contain some monatomic tellurium (see p. 355), absorbs the lines 
2143 and 2259 A, but according to Kimiira^ not 2383 and 2386 A,^^ so 
that the latter lines probably originate in transitions invohdng metastable 
states. In the ultra-violet region, tellurium vapour shows eleven wave- 
lengths absorbed between 2000 and 1650 A.^^ 

When illuminated by an incandescent gas lamp, tellurium vapour 
exhibits an intense bluish-green fluorescence. Under the light of a 
mercury vapour lamp the fluorescence is much less intense. The 
fluorescence spectrum consists of regularly spaced bands in the visible 
region.^- 

^ Muller and Lucas, Zeitsch. Ehktrochem,, 1905, ii, 521. 

- Gutbier and Resenschcck, Zeitsch. anorg. Chcm.y 1904, 40, 264. 

^ Fenaroli, Che.m. Zeit., 1914, 38, 873 ; Kotloid- Zeitsch., 1915, 16, 53. 

Doolan, J . Physical Che'ni., 1925, 29, 178. 

^ For various spectrograpbic researches on tellurium, see Thalen, M/u?. CM m. Phys., 
1869, [w.], 18, 244; Salet, Cornpt. rend., 1871, 73, 742; Hartley, Proc. Pay. Sac., 1883, 
35, 14S ; de Gramont, Conipf. rend., 1898, 127, 866, 868 ; Grunwald, Monatsh., 1889, 10, 
829 ; Ditle, Convpt. rend., 187], 73, 622 ; Dudley and Jones, J. Arner. Cheni. Sac.. 1912, 
34, 995 : Patterson, Araer. J. Sci., 1913, [iv.'j, 36, 135 ; 8iegbahn, Ber. Dent, physikal . Ces., 
1916, 18, 39 ; McLennan, Smith and Peters, Trans. Pay. Soc. Canada, 1925, [iii.], 19, 111., 
39 ; Nagaoka, Aukiyaraa and Futagami, Proc. Iwp. Acad. Tokyo, 1927, 3, 409 ; Lane, 
Proc. Nat. Acad. Sci., 1927, 13, 341 ; Bloch and Bloch, Cojnpt. rend., 1927, 185, 761 ; 1928, 
187, 562 ; Allin, Trans. Roy. Soc. Canada, 1927, hi., 21, IIL, 231 ; Lacroute, J. Phys’. 
Eadiiwi, 1928, [vi.], 9, 180. 

^ Uhler and Patterson, Awer. J. Sci., 1913, [iv.], 36, 135. 

' McLennan, McLay and McLeod, Phil. Mag., 1927, [vii.], 4, 486. 

® Uhler and Patterson, loc. cit. » Kiraiira, Japan J. Phys., 1927, 4, 81. 

Cf. Zumstcin, Phys. Petietv, 1926, [in], 27, 562. 

McLennan and Cooley, Trans. Pay. Soc. Canada, 1926, [hi.], 20, III., 349. 

Rakowickz-Pogorzelska, Bull Inter. Acad. Polonaise, 1926, A, 243 ; blcLennan 
and 'Walerstein, Phys. Review, 1927, [in], 29, 208 ; McLennan, Walerstein and Gravson 
Smith, Phil. Mag., 1927, [vii.], 3, 390. See also Steubing, Physikal. Zeitsch., 1913( 14, 
887 ; Diestelmcier, Zeitsch. rviss. Photochem., 1915, 15, 18; Rosen, Zeitsch Physik 
43, 69. ■ ^ , 
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Chemical Properties. — In spite of its definite metallic tendencies, 
tellurium shows considerable similarity in its eb.einieai beh.avionr to 
sulphur and selenium. Its activity is. however, much less markech and 
in o-eneral the compounds formed are less stable than their sulphur and 
selenium analogues. 

At high temperatures tellurium combines directly, but onlv to a 
small extent, with hydrogen, forming hydrogen tclluride.' 

In a fine state of division the element is not acted on by atmos])hcric 
oxygen, but above its melting-point it burns with a green-bordered blue 
flame, giving the dioxide, even in the driest oxygen. - 

Abater is without effect on the element e\'en at a red heat,*^ but th.e 
combined action of water and ozone produces telluric acid at the ordinary 
temperature.^ The action of hydrogen peroxide upon tellurium is 
influenced considerably by the physical state of the element : colloidal 
tellurium is readily oxidised, but crystalline tellurium is not readily 
attacked and has first to be dissolved in an aqueous solution of alkali 
hydroxide, when oxidation becomes possible with formation of tellurate.^ 
Hydrogen peroxide of 60 per cent, strength reacts veiy slowly with, 
tellurium at a temperature of 100' C., but with increasing amount of 
telluric acid formed, the rate of dissolution increases. Amorphous 
tellurium as ordinarily prepared behaves in a similar manner to tlie 
crystalline variety, but if it is dried by treatment with alcoliol and 
ether instead of by heating at 105^ C, it will dissolve readily in a con- 
centrated solution of hydrogen peroxide.^ 

Nitric acid oxidises tellurium only to the stage of the dioxide." 
Under certain conditions, using large quantities of material and a high 
column of ]i(|uid, tellurium nitrite may be obtained as a llesh-coloured 
precipitate which can be dried at 100'' C. without decom])osition : at 
higher temperatures decomposition sets in, leaving a yellow residue of 
tellurium dioxide.® 

Sulphuric acid dissolves the element to form a red solution, the colour 
being due possibly to sulphur-tellurium sesquioxide. STeO.3. which has 
not been isolated.^ On warming, tellurium dioxide and sul]diur dioxide 
are produced. If the sul])huric acid is hot and concentrated, a red solu- 
tion is obtained froni which tellurium may be separated by the addition 
of water. This solution is similar to that obtained with pyrosulphuric 
acid, in which Auerbach has shown that the tellurium is present in 
monatomic form (see p. 655). If the red solution is boiled for some time, 
white crystals of pyrotelluryl sulphate, 2 Te 03 .S 03 . separate. These 
crystals are soluble in hydrochloric acid and decompose on heating 
with water. A red solution is also obtained with cold anhydrous 
selenic acid and presumably contains the corresponding selenium- 
tellurium sesquioxide, SeTeOs.^^ 

1 Lowe, J. Clu}tu, 1853, 60, 165 ; Becker, Annaha, 1876, 180, 258 : Brainier, 

Mouatsh., 1889, 10, 416. See also Gut bier, Zcifsrh. anorg. Chtm., 19(J2, 32, 31. 

- Gutbier, loc. cil. 

^ Cross and Higgm, Trans. Chern. Soc., 1879, 35, 249. 

^ 41ailfert, Coinpt. rend., 1882, 94, 1186. 

^ Gutbier and Resenscheck, Zeitsch. anorg. Chem., 1904, 42, 1*4. 

Schliick, Monatsli., 1916, 37, 489. 

" Gutbier, Zeitsek. anorg. Chatri., 1902, 32, 31. 

® Oefele, Pharm. Zentr.-h., 1920, 61, 491. 

Divers and Shimose, Ber., 1883, 16, 1008. 

Gutbier, loc. cit. Cameron and Macallan, Proc. Boy. Soc., 1SS9, 46, 31. 
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All the halogen elements combine with tellurium. The powdered 
crvstalline form is inflamed by fluorine in the cold ^ and by warm 
chlorine, the product in the latter case being the tetrachloride.- With 
bromine the product is the dibromide, whilst iodine reacts only at a 
higher temperature, giving a tetra-iodide. Hydrogen chloride does not 
affect the element. 

Pyrosulphuryl chloride, sulphuryl chloride, thionyl chloride and sul- 
phur" monochloride all convert tellurium into the tetrachloride, the 
reaction proceeding most readily with the last named. In the case of 
thionyl chloride and sulphur monochloride the product is telluriuin 
dichloride if the tellurium is present in excess.^ With pyrosulphuryl 
chloride the compound formed is TeCl4.S03; when this is acted upon 
by drv ammonia the product contains tellurium nitride.'^ 

Combination takes place between many metals and molten tellurium. 
By examination of the freezing-point curve for mixtures of the metal 
and tellurium in varying proportions, the existence and composition of 
the compound formed has been indicated. The compounds AuTe^, 
BioTcg, As2Te3, and many others, have thus been detected (see also 
p. 363 ). The freezing-point curves of mixtures of tellurium with 
sulphur^ and with selenium® give no indication of the formation of 
compounds, only solid solutions being formed. The red Japanese sulphur 
is a solid solution containing the three elements, sulphur, selenium and 
tellurium. 

Sodium and potassium combine with tellurium with the evolution of 
much heat, an atmosphere of hydrogen being advisable. The reaction 
may be moderated by dissolving the alkali metal in liquid ammonia ; 
the resulting normal tellurides, Xa^Te, KoTe, and the polytelluride, 
Xa4Te3, are easily oxidised and should be protected from the action of 
atmospheric oxygen.'^ Tellurium also dissolves in fairly concentrated 
solutions of the alkali hydroxides, giving red solutions containing a 
mixture of telluride and tellurite, but if sodium hyposulphite is also 
present, crystalline sodium telluride can be obtained as the sole ]n’oduct.® 
Fusion with potassium carbonate has a similar effect to treatment with 
aqueous alkali hydroxide. On the addition of w'ater, the mixture of 
tellurite and telluride obtained with concentrated alkali or witli fused 
potassium carbonate, undergoes decomposition, with libci’ation of 
tellurium.^ 

Tellurium displaces some of the nobler metals, such as gold and silver 
and to a less extent copper, from solutions of their salts, thus showing 

^ Moissan, Ann. Chini. Phy,s., 1887, 521. 

- Berzelius, Pogg. Annaltn, 1833, 28, 392; LS34, 32, 1, 577 ; Thomsen, Bar., 1882, 
15, 3024. 

2 Lenhcr, J. Amer. Chew. Soc., 1908, 30, 737 : IMacIvor, Cken/i. Xtic.i, 1902, 86, 308 ; 
von Horvath, Zeitsch. an.org. Ohem.., 1911, 70, 408. 

^ Prandtl and Eorinski, ibid., 1909, 62, 237. 

^ Gulbier and Flury, ibid., 1902, 32, 273 ; Macivor, Chera. Xev:.<, 1903, 87, 2u9 : Pellini, 
Atii R. Accad. Lined, 1909, [v. 1, 18, i., 701 : Jaeger, Proc. K. Akad. Wtltn.Hch. Amslerdaw, 
1910, 12, 602 ; Chikashige, Zeitsch. anorg. Chem., 1911, 72, 109. 

« Pellini and Vio, Alii R. Accad. Lincei, 1906, [v.], 15, ii., 46 ; Ivimata, .Mew. Coll. 
Sci. Kyoto, 1915, i, 119. 

" Tibbals, J. Arner. Chem. Soc., 1909, 31, 902. 

« Tschugaev and Chlopin, Ber., 1914, 47, 1296 ; J. Russ. Phys. Che.m. Soc., 1915, 47, 
364 . 

9 Berzelius, Schweiggefs J., 1822, 33, 29 ; Le Blanc, Zeitsch. EhJdrochem., 1906, 12, 
649. 
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some resemblance to the metals, ^ but its true position a< a metalloid is 
well seen from its behaviour in the form of electrodes in alkaline solutiom 
when, under the influence of the current, it dissol\'es at e'^cfrJdt's. 
as positive Te*"’ ions at the anode and as neuatix'c Te” ions at tiie 
cathode.- Both these ions are themselves colourless but liavc a tendenev 
to complex formation, the negative ions dissolving tellurium to form 
deeply coloured polytelluride ions, Te/, whilst the ])ositi\-e ions react 
with hydroxyl ions thus : 

Te- ' i-GOH' > TeOsV^IIA 

a reaction which explains the formation of teilurous acid bv the action 
of water on tellurium tetrachloride (see p. 3S*2 j. If either of t lie tellurium 
electrodes is replaced by one of platinum, finely divided tellurium 
separates at that electrode.*^ The clement can be deposited at a lead 
cathode in smooth, thick layers, with theoretical current eliiciencv. 
from a bath containing^ a solution of the following composition ])er 
litre: TeO^, 300 grams; IIF (48 per cent.), 500 grams; 

200 grams, A current of 1-6 amps, dm. - is passed at the ordinarv tem- 
perature, and with a tellurium anode containing selenium, the* latter 
element remains entirely in the slimes, so that such a bath may be used 
for refining tellurium. If hydrochloric acid is used instead of hydro- 
fluoric acid, the result is less satisfactorv. 

Corresponding with the increase in metallic tendency, tellurium 
appears to enter less readily than selenium and sui]Dhur into the com- 
position of organic compounds ; in organic combination it can exert both 
bi- and quadri-valency,^ 

Physiological Action. — Tellurium compounds in solution generally 
possess a - metallic'' taste, ^ but the tellurites and tellurates do not 
exert any very poisonous action, although human beings ap]K‘ar more 
sensitive to the compounds than dogs and are easily indisposed by small 
quantities. A striking effect of these compounds is the persistent garlic- 
like odour they impart to the breath and excreta, said to be clue to methyl 
telluride.'' \Mien saliva is incubated with telluric acid and hydrazine 
hydrate, the colloidal tellurium formed immediately floeculates and at 
the same time the diastasie-like action of the saliva is destroyed.® 
Nascent selenium produces a similar effect. 

Free tellurium and insoluble tellurium compounds resist bacterial 
action, but the soluble tellurites and tellurates are decomposed by 

^ >Sfnclereiis, Conipi. rend., 1887, 104, ] 75 ; Hale and Lcnlier. J. Anw r. Cht/ii. Soc., 1902, 
24, 1)18 : Bottger, J . pratt. Chttn., 1874, [11. j, 9, 195. 

- Le Blanc, ZtUsch. FAtkiruche,n., 1905, ii, 813 : 19U<3, 12, 649 : Huller and Xowa- 
kowski, ibid., 1905, ii, 931. 

^ F(jr the electrochemical behaviour of tellurium and electrical potential naeasurements 
in various types of cells, see Euler, Zeitsch. oaorg. Chetii., 1904, 41, 93 ; Reiciiinstcin, Zcd.i^ck. 
■jjhy-sLlcdl . Ckenn., 1921, 97, 257: Kasarnowsky, Zed.ich. anorg. Ch-in.^ 1923, 128, 1/, 33 ; 
130, 140 ; 8chuhmann, J. Arntr. Chtrn. Soc.. 1925, 47, 356 ; Piccardi, .4/0 R. Accad. Linen, 
1927, [vi.], 6, 305, 428. 

^ .Matliers and Turner, J . Aimer. Ehclrochcni. Soc., 1928, 54, 293. 

- AVohler and Dean, Annalen, 1840, 35, 111; Mallet, ibid., 1856, 97, 223: Becker. 

ibid.. 1876, 180, 263 : 8teiner, Ber., 1901, 34, 570 : Lvons and Bush. J . A/i'f-r. Chon. Soc., 
1908, 30, 831 , Lederer, Ber., 1911, 44, 2287 ; lOBk/d. 1358 : 1914, 47. 277 : Amiakn, 
1912,391,326; 1913, 399,260; Morgan and others, C7ic//n 8or., 1924,125, /31.7.)4, 

760, 1601 , 1925, 127, 797 ; Drew and Thomason, J. Cheni. Soc., 1927, p.^ 116. 

Hansen, Aihudeii, 1853, 86, 208. " Mead and GieSjHwer. J. Physiol., 1902, 104. 

Babes, Arch. exp. Pathol. Pharmak., 1928, 133, 57. 
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micro-organism oTo^vths, \vith development of a dark discoloration and 
in some'cases the characteristic garlic odourU The free element in 
the finely divided condition, and also certain tellurium compounds, 
have a curative effect on the disease syphilis, although in certain cases 
treatment is complicated by the occurrence of undesirable reactions. - 
Certain tellurium derivatives of the aliphatic /S-diketones, for ex- 
ample, C 7 /cZotelluropentane -8 : 5-diones of the type 

Te 


RHC 


CHR" 


OC CO 


\/ 

CUR' 


where R, R' and R" represent hydrogen or alkyl radicals, exhibit 
powerful bactericidal action which, however, is greatly diminished in 
the presence of serum. Such compounds, which are obtained by con- 
densation of the diketone with tellurium tetrachloride in cliloroform 
solution, ha^'c been employed successfully in the treatment of cystitis 
and eye infections, and may be prepared on a pharmaceutical scale. ^ 

Atomic Weight. — The atomic weight of tellurium is one which has 
been the subject of much investigation on account of the position of the 
element in the Periodic Table. Tellurium must on common-sense grounds 
be classed in Group VI along with sulphur and selenium (sec Chap. I), 
rather than with the halogens in Group VII, in spite of the fact that if 
the atomic weights (I, 126*92 ; Te, 127*5) were alone considered tellurium 
would be ranked with the halogens and iodine with sulphur and selenium. 
Mendeleef -^ and Brauner expressed the opinion that this apparent 
anomaly in the table was due to the presence in the tellurium of a small 
amount of an element, similar to tellurium but of higher atomic weight, 
and this opinion has been upheld by Rett el ^ and by Browning and Flint." 
Many other investigators,^ however, consider tellurium to be liomo- 
geneous, and all attempts at a separation have led to negative results. 

The work of Aston and others has shown tlnd a j)roperty of an 
element which is more fundamental than its atomic weight is its atomic 
number, or the number of resultant positive charges on the nucleus of 

1 Rosenheim, Froo. ChMu. Soc., 11302, i 8 , 138 ; Gosio, Aifi JL Arcafl. Lhicci, 11)04-, Tv 1 
13 , 1 ., 422. 

- Rourmer, Levaditi and Guenot, Ann. Xusl. Fasltur, 1927, 41 , 443; Levaditi and 
others, ibid., p. 369. 

3 Morgan and others, lor., cit. ; J. Soc. Chrm. Ind,, 1924, 43 , 304 T ; 1926, 44 , 462 T ; 
Biochem. J., 1923, 17 , 30; 1924, 18 , 190; Morgan and Burgess, JAkjLAi Folent, 292222 
(192 (). For the fungicidal action of alkali tellurites and of tclluiaurn hydrogen tartrate, see 
Stover and Hopkins, dnd. Fug. Chem., 1927, 19 , 510. 

Mendelectf, Trans. Ckem. Soc., 1889, 55 , 649. 

^ Brauiier, ibid., p. 411. 

® Bettel, Chtm. Xeivs, 1908, 97 , 169. 

’ Browning and Flint, Am.er. J. Sri., 1909, 28 , 347 ; Flint, ibid., 1910, 30 , 209 ; 1912, 
34, 1325. ^ 

^ Norris, Fay and Fdgerly, Anier. Chem. J ., 1900, 23 , 105 ; Baker and Bennett, Trans. 
Cdiem.. Soc., 1907, 91 , 1849 ; Lenhcr, J. Anitr. Chem. Soc., 1908, 30 , 74 ] , llareoui’t and 
Baker, Trans. Chew. Soc., 1911, 99 , 1311 ; Fellini, Atil R. Accad. Lined, 1912, [v.], 21 , 
i., 218 ; .Dudley and Jones, J. Amer. Chem. Soc., 1912, 34 , 995 . 

^ Aston, Trails. Chem. Soc.. 1921. tto. 677 
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the atom. When arraiifred in order of atomic iinm'ocr. tUluriain rnv- 
cedes iodine. 

Measurements of the wave-lengths of lines in tiie iiiah iVcxan-nev 
spectra of iodine and tellurium by the primarv rav metliod iiavc'.^iven 

A=:0M37 X 10~® and A=0-3S8 x om. 

for the \vave-lengths of the aj and fU lines in tlie spectrum ui‘ iodine, 
the corresponding values for tellurium being 

A=0-456xl0~^ and A=0-404x 10“^ cm. 

These numbers satisfy Moseley's formula connectini>' tlx- frccuency with 
the atomic number if the atomic numbers of tellurium and iodine are 
respectively 52 and 53.^ 

The atomic weight of tellurium was determined for tr.e first time hv 
Berzelius in 1812, the value obtained being 129*2. The tellurium used, 
however, was impure, a fact only recognised in 1817.“ In 1833 Berzelius 
repeated his determinations.^ converting tellurium into its dioxide : 
this time he obtained the value ^ 128*34. 

In IS5S von Hauer ^ prepared and analysed the double bromide 
of potassium and tellurium. KoTeBr^^, and obtained the value 127*8. 

Wills in 1879 ^ also adopted" the preceding method and as a result o: 
five experiments obtained the mean value 127*1. Wills also used the 
oxidation method of Berzelius, first using nitric acid as the oxidising 
agent and obtaining as the mean of five experiments the ^■aluc 128-L 
then using aqua regia, the mean of four experiments giving tlie value 
128*2. With aqua regia the results were very much more consistent 
than with nitric acid. Many other workers have repeated tliese deter- 
minations at later dates, obtaining results sliglitiy differing among 
themselves, but all higher than the atomic weight of iodine. 

Brainier, after trying various unsatisfactory methods. •;)repared and 
analysed pure tellurium tetrabromide,^ obtaining the value 127*54. 

A method involving the analysis of the basic nitrate. 2 Te 0 o.HX 03 , 
which is eomxniently prepared by dissolving tellurium in a sligin excess 
of nitric acid and evaporating the solution to erystallising-point. has 
led to concordant results being obtained by Kothner ^ and by Norris 
and his co-workers.^ On careful ignition of the salt tlie dioxide is 
obtained. The method was criticised by Dudley and Bowers as giving 
very irregular results, since tellurium may crystallise from nitric acid 
solution as telluroiis acid, tellurium dioxide and basic nitrate, the exact 
conditions for the separation of any one of these appearing to be very 
elusive. Good results have been obtained, however, by Stabler and 
Tesch,^^ who first very carefully purified the tellurium used by fractional 

^ Siegbahn, Ber. Deui. jjhysikaJ. Oes., 1916, l8, 39. 

- Berzelius, Sdmeigger s J 1812, 6 , oil ; ISIS, 22 , 74. 

2 Berzelius, Fogg. Aitiialen, lS3o, 28 , 396 : 1S34, 32 , 14. 

The results aiven are from calculations based on the foiiowiiur fundamental values: 
0-16-000; Cl-36 457: Br=79-916 ; K-39-096 ; Ag-107-8SU. 

^ von Hauer, J. praJd. Ckem., 1858, 73, 9S. 

^ Wills, Trans. Chtm. Soc., 1S79, 37, 704. ' Brauner, ibid., 1SS9, 55. 352. 

Kothner, Annalen, 1901, 319, 1. 

^ Xorns and Fay, Amer. Chern. J 1898, 20, 278 : Xorris, Fay and Edgerly, ibid.. 
1900, 23, 105 ,- Xorris, J . Amer. Cheni. Soc., 1906, 28. 1675. 

Dudley and Bowers, ibid., 1913, *35, 875. 

Stabler and Tesch, Zeiisch. anorg. Chem., 1916. 98, 1. 
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dioxide with potassium Py“®'^y?p> s ^yas similar to the foregoing 

Tellurium prepared 3^3°^ ted by evaporation, calcined, air 

acid and the resulting dioxide separated y P 


Dudley and Bowers, aiid^lones^ cLm. Soc„ 1912, 34, 99.9. 

’ Dennis and Anderson iW., 19 , f . 
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dissolved in aqueous sodium hydroxide. The tellurium was then esti- 
mated volumetrically either in alkaline^ or just acid - solution. Tim* 
mean of twelve estimations in alkaline solution yave the value 127 -.s. 
and ot nine estimations in acid solution the value 127-G5. 

Hydrogen telluride was also the starting-point in the investigation 
of Jiruylants and IMichielsen.^ The gas after careful ])urilication was 
decomposed into its elements at 200'" to 220" C.. the tellurium weighed 
as such and the hydrogen oxidised to water by means of ciq^rie oxide. 
The value obtained was 127*8. 

Baker and Bennett ^ adopted a method apparently not used by any 
other investigator, but which is applicable to elements which lie on the 
border line between metals and non-metals. Tellurium dioxide was 
reduced to the element by heating with sulphur in a current of nitrogen, 
the sulphur being oxidised to sulphur dioxide. From the ratio TeO._> : 
SO 9 , the value obtained for the atomic weight was 127*609. This result, 
hovmver. is high, and it was found that some sulphur trioxide was also 
formed. 

The value adopted by the Chemical Society on the recommendation 
of the Sub-Committee on Atomic Weights (1929) is Te=127-5. 

Tellurium is a mixture of three isotopes,^ the mass-numbers of which 
are 128. 180 and 126. The intensities of the first two are about equal 
and double that of the third, so that it would seem probable that the 
mean atomic weight is at least as high as 128. The discrepancy between 
this conclusion and the actual values obtained remains to be explained. 
Tellurium is unique in that all its mass-numbers form members of iso- 
baric pairs, these being shared by xenon, the element^ of next higher 
even atomic number. The atomic number of tellurium is 52. 

Alloys. As has already been mentioned, tellurium combines with 

manv metals giving compounds the existence of which has usually been 
demonstrated%v investigation of the freezing-point curves of mixtures 
in varving proportions. In this way the combinations, TeCd (lOtH C. ), 
TeSn (780'" C.), Te.^Au, TeZn (1288" C. ). TeHg, Te.As.,, TcsBio. IcsSb... 
TeCu.,. Te-jCut, TeSn (709" C.), etc., have been detected, the bracketed 
ho-ures gh'mg the corresponding melting-points. The alloys arc of no 
practical importance except in so far as they occur in nature and serve 
as sources of the respective constituents.'^ 


^ See 13rauncr, Truii-^.. Chtrn. Soc., 1891, 59? 250. 

- See Gooch and Howland, Ztiisrh. ani'jrg. Clitiru, iS94, 7? t3_. 

Bruylaiiis and Hichielscri, Bull. Acad. roy. Bthj., 1919, [v.j, 5, 119. 

Baker and BcnnetT, Trarts. Chcni. Str., 1907, 91, IsdO. 

S A.ston, Nature., 1924, 114. 7)7 ; Phil. Mag., 1925, [vi.]. 49. 119b. 

« For a biblio;.a-apliy of these alloys up to 190b, see 1. Ja, 

S3, 249. Later investigations have been made by Heyn and fcaucr, 1. 1 , 0, 

273 (Cu -• Tc) ; Pblaboii, Cornfl. rktal., 1906, 142, LUi (6"- ^) ' '^7 ’“kV ft’ 

118 (Tl'-Te): 1908. 146, 1397 (As -Te, Bi-Te) : 1909, 148, 11 .b (-4u- fe) : Fa>, 
TAn-p- rVip -i <or 1907 20 (Sn— TeG Chikashiae, ZeiUcli. rmorg. ihc7n.AOO>, 

k1o rpelhni; A’b. AcAm.., 1909, [g.,i8 in, 211 -yy-ig 45. 

i 469 ( \u To - Aa) ; Biliz aiKnieeklonburg, ZeiUcJi. anoig.Cnciu 1 J09. 64, -6 . 

fibbals J. Awer Ohcui. Sac., 1909, 3B ^k)2 (various) ; Kobayashi, w m-u" 

1910 6q 1 (Cd- -Te, Sn -Tc) ; Mem. Coll. Sci. hag. .Kyoto, 1911, T -If 
Pr 1911 IS2 859 (til— Tel: Kimura, Mtai. Coll. tbci. Kyoto, 191o, 8, -t. 

Coni'pt ptnd yon, l 52, t 119(Se- TeV- Chikasliige and baito, 

(Pb — Te) : Ivimata, 191o, I, llo_(80 ici^. ly iiy? s] Kp ■ S-Udau 

•; ■ 1 loin T ( -\ O' — Tt9 * Chikashiac and Aose, ibid., 191 1, 2, — / (A1 a ) ? ‘y ^ ’ 

JM. 'MiaehmA; A. 21 : Dreifuss, Ze 

■->94 (Sb-Fb-Te) ; Sisco and Whitmore. Ind. Png Che,, i., 19-4, 16 ys (Ai Ou i ) , 
Endo, Sci. Be.p. Tohoku Imp. Univ., 1927, i6, 201 (Pb-, bn-, 8b-, Bi- )• 
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The Detection and Estimation of Tellurium. 

Detection.- — Dry Tests.— \yhen heated on charcoal in a reducing 
flame tellurium compounds give rise to free tellurium, which volatilises 
and forms a crust of the dioxide around the heated area ; the flame 
also is tinged with green. There is no marked odour. In the hydrogen- 
air flame, tellurium dioxide, hydrogen telluride and elementary tellurium 
all produce a lilac luminescence in the middle zone and a green lumin- 
escence in the outer zone. In the inner zone hydrogen telluride produces 
blue lumiiiescence, while the colour imparted by the other two compounds 
is green in this region. The vapour of tellurium dioxide introduced 
into a Bunsen liame produces a blue coloration tinged with green. If a 
cold surface is held in the hottest part of the flame a bright metallic 
mirror is deposited on it.^ The green luminescence appears to be due 
to the change from tellurium to tellurous salt, and the blue to the further 
oxidation to telluric salt.- 

Ji'et Tests, — A test for tellurium which is sensitive to 10 mgms. 
per litre, consists in boiling 1 c.c. of solution with 1 c.c. of concentrated 
ammonia and a few crystals of hydrazine sulphate. If tellurium is 
present a brown coloration or precipitate appears. If selenium is present, 
it is first removed by boiling the solution with an equal bulk of con- 
centrated sulplniric acid and a few crystals of hydrazine sulphate ; 
the precipitate is removed and the filtrate made alkaline with ammonia, 
more hydrazine sulphate added and the solution again boiled ; a brown 
coloration indicates tlic presence of tellurium.'^ 

Another method for the detection of tellurium in the presence of 
selenium depends on the fact that the former is not ]n'ecipitatcd by 
sulphur dioxide in the presence of concentrated hydrochloric acid. A 
solution in the concentrated acid (dens. I -1 6) is heated to 90" C. and 
saturated with sulphur dioxide ; the precipitated selenium is removed 
by filtration, the filtrate diluted with an equal volume of water and 
saturated in the cold with sulphur dioxide. If tellurium is present a 
black preciintatc is formed immediately. 

Tellurites and tellurates may be reduced to tellurium by means of 
titanous chloride in hydrochloric acid solution, and in the absence of 
selenium, copper, golcl and platinum, the reaction may be used as a 
sensiti^x^ test for the element.*^ In 5 c.c. of coiicentratcd liydrochloric 
acid, ()'()0()()5 gram of tellurium gives with 2 c.c. of a 2 per cent, titanous 
chloride solution a grey cloud Vvdiich slowly flocculates. In the presence 
of a little acetic acid and a large quantity of sodium acetate, reduction 
to hydrogen telluride results ; this gas may be detected by its disagree- 
able odour and by the production of a mirror on passing it through a 
heated tube. 

A microchemical test, in which the tellurium is precipitated by means 
of a saturated solution of quinol in concentrated sulphuric acid, has been 
described.*' The quinol reagent, however, also reacts with selenium and 
manganese." 

^ Papist, J . Physical Chem., 1918, 22, 430, 640. 

- 8ce Wciser and Garnson, ibid., 1919, 23, 478. 

^ iMullcr, Zc'itsch. physikal. Chtm., 1922, 100, 346. 

Dennis and Koller, J. Araer. Chew.. Soc., 1919, 41, 949. 

^ Tomicek, Bull. Xoc. chirn., 1927, [iv.], 41, 1399. 

^ Putnam, Roberts and Sclchow, .4?/?.^/-. J. Sci., 1928, [v.], 15, 253. 

For a colour reaction with potassium cyanide, see Hinrichsen and Bauer, Aletallurgie, 
1907, 4, 315, 
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Estimation. — Grcrcimetric . — Tellurium is generally precipitated as 
the element and ^veighed as such. It may be liberated froin its co'P- 
pounds by various reducing agents such as sulphurous acid and hs 
salts (sometimes with the addition of an iodide), hypophos]>]iorous acid, 
hydrazine salts, glucose,^ or by electrolysis. The preei])itate should be 
washed with alcohol and dried at 1 10'' C. At this tem])eraturc oxidation 
of the element is extremely slight, but if the utmost accuracy is reouired 
the drying should be carried out in an atmosphere of nitrogen. 

The use of sulphur dioxide as precipitant was first proposed bv Ber- 
zelius, but accurate results by this method are only obtainable under 
special conditions. Complete precipitation does not take place from a 
strongly acid solution, and in the presence of other metals small amounts 
of these are liable to be carried down. In the presence of heavy metals 
such as copper, bismuth and antimony, the following procedure has been 
recommended : ~ The tellurium is oxidised to telluric acid by the addition 
of ammonium perdi sulphate in the presence of potassium hydroxide, 
excess of perdisulphate being subsequently removed by boiling. The 
heavy metals present are next removed by means of hydrogen sulphide. 
The tellurium may then readily be estimated by reduction with liydrogen 
chloride and precipitation with sulphurous acid. 

Tellurous acid is rapidly reduced to the element by sulphurous acid 
in the presence of potassium iodide.^ Owing, however, to the alhiiitv 
w’hich tellurium has for iodine and the consequent formation of varving 
proportions of tellurium tetra-iodide, the trustworthiness of the quanti- 
tative method based on this reaction is questionable.^ 

Solutions of tellurium in alkali sulphides when boiled with sodium 
sulphite yield a quantitative precipitate of the element.^ 

An aqueous solution of telluric acid gives with hypoi)hosphorous acid 
a colloidal solution of tellurium which is precipitated completely on boil- 
ing and can then be fdtered and weighed. This method is only aA'ailable 
if there are no other salts present which might be reduced.^ 

Tellurium in the sexavalent condition cannot be estimated using 
phosphorous acid as reducing agent since complete reduction does not 
take place. Tellurium in the tellurous condition is reduced readily to 
the elementary condition when its concentrated solution in hydrochloric 
acid is boiled with phosphorous acid.” 

Of the various methods of estimation which are based on the use of 
hydrazine salts as reducing agents the following appears to be one of the 
most satisfactory : ® The tellurium, present either as a derivative of the 
dioxide or as a tell urate, is dissolved in hydrochloric acid and boiled. 
Sulphurous acid and hydrazine hydrochloride are added, and on con- 
tinued boiling the tellurium is precipitated as such and may be collected, 

^ Lor methods of estimation using glucose as reducing agent, see Kolbe, Zeif-^ch. anal. 
Gheni., 1872, ii, 437 ; Kastner, ibid., 1875, 14, 142 ; Donath, Znilsch. angeiv. Cheni., 1890, 
4, 214. 

- Brauner and Kuzma, Ber., 1907, 40, 3362. 

2 Fi'crichs, J. prakt. Chem., 1902, [li.], 66, 261 ; MacTvor. CJicm. Sews, 1903, 87, 17. 

^ See Gutbier and Wagenknccht, J. prakt. Cham., 1905, [li.], 71, 54 ; Gutbier and Fliiry, 
Chern. Sews, 1909, 99, 217. 

For the use of this reaction in the separation of tellurium from the heavy metals and 
selenium, see Brukl and Maxymowicz, Ztifsch. anal. Cheni., 1926, 68, 14. 

^ Gutbier, Zeitsch. anorg. Chem., 1902, 32, 295. 

' Gutbier, -ibid., 1904, 41, 448. 

^ Leiiher and Tlomberger, J. Arner. Chem. Soc., 1908. 3*^? 387 ; Gutbier and Huber, 
Ztitsch. anal. Chern., 1914, 53, 430. 
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dried and weighed.^ If selenium is present it may be separated first 
by passing sulphur dioxide into the solution in concentrated hydrochloric 
acid/^ 

Electrolytic Methods. — According to Aitiller’s experiments,^ tellurium 
is not deposited by electrolysis from solutions in which it is present in 
the sexavalent condition, so that telluric acid must first be reduced to 
tellurous acid. A weight of tellurous acid not exceeding 0-25 gram is 
dissolved in 175 c.c. of 2K HoSO^ and electrolysed for two and a half 
hours between jdatinum electrodes. The grey deposit of tellurium is 
washed with water and alcohol and dried in a desiccator over sulplmric 
acid. In this method the average error is estimated to be per cent. 
Bv this process tellurous acid may be estimated in the presence of teh 
luric acid. After the tellurium from the tellurous acid has been removed, 
the solution is boiled with hydrochloric acid to reduce the telluric acid 
to tellurous acid and the estimation of the tellurium carried out as 
before.^ 

A method for the estimation of tellurium in ieiradymite (p. 350) is 
given by Hulot.^ The mineral is first treated with dilute hydrochloric 
acid to remove calcareous material. The residue is powdered and dis- 
solved in hot concentrated nitric acid. After evaporation of the solution 
the solid is fused with potassium nitrate, the resulting mass containing 
potassium sulphate and selenate, bismuth oxide and potassium anhydro- 
tellurate, K^Te^jOip^. The sulphate and selenate are removed by diges- 
tion with boiling water and the bismuth oxide is dissolved out with 
dilute hydrochloric acid. The residue, potassiiun anhydrotellurate, 
is suspended in dilute hydrochloric acid and zinc added. A black 
pulverulent powder is deposited, which is pure tellurium. After the 
whole of the zinc has dissolved, the tellurium may be collected, dried 
and weighed. 

In the processes described in which the tellurium is precipitated in 
the elementary form, it is generally assumed (see p. 365) that the error 
due to oxidation of the precipitate is practically negligible under the 
conditions of the experiment. Browning and Flint, ^ howe\'er, maintain 
that the results are liable to be inaccurate owing to this oxidation. 
Tellurium dioxide, on the other hand, is unaffected by the air, is 
anhydrous, non-hygroscopic and easily obtained in the pure condition, 
and Browning and Flint base a method for the estimation of tellurium 
on precipitation as dioxide. The tellurium compound is precipitated 
from a faintly acid solution by means of ammonia, the acidity being 
restored by the cautious addition of acetic acid. The mixture is heated 
for some time to render the precipitate crystalline. The method is 
applicable to the separation of tellurium from selenium." 

^ See also Gutbicr, Chern. Zenir., 1904, ii., l.r)54 ; Gutbier and Eesenscheck, ZeiUcIi. 
anorej. Chtin., 1902, 32, 260; Rosenheim and Weinliebcr, ibid., 1911, 69, 266; Pcllini, 
Gazzttta, 1903, 33, i., 515. 

- Lenhei- and Kao, J . Ainor. Cheui. Sac., 1925, 47, 769, 2454 ; Lenhor and Smith, Ind. 
Eng. Chtm., 1924, 16, 837. 

^ Muller, Zeit-sch. jjliysikaL Ch.f:)n., 1922, lOO, 346. 

^ .For orher methods of electrohUic estimation of tellurium, see Pellini, Atli It. Accad. 
Lvneei, 1903, [v.], 12, ii., 312; 1904, 13, [ii.J, 275; Gallo. ibuL.. 1904, [v.], 13, i., 713; 
14, i., 23, 104; Lukas and Jilek, Chern. JAsiy, 1926, 20, 396 ; Bril. Chern. Abs., 1926, A, 
1018. Hulot, Bull. Sgc. chirn., 1920, [iv,], 27, 100. 

Browning and Flint, Amer. J. ScL, 1909, [iv.‘], 28, 112 ; Zciisch. anorq. Chern., 1909, 
64, 104. 

' See also Berg, Bull. Boc, chirn., 1905, [hi.], 33, 1310. 



TELLURIUM. 


3o7 


According to Perkins ^ electrohrtic silver may be used in the oiian- 
titative estimation ot tellurium. Tellurium dioxide, like selcniuni 
dioxide, liberates iodine from an acidified solution of potassium iodide 
according to the equation : 

TeO 2 -r 4KI +41IC1 ==Te A 4KC1 - 2H .,0 - 21,. 

Tlie liberated iodine may be estimated by shaking with spcciallv prepared 
electrolytic silver in an atmosphere of hydrogen and measuring th.e 
increase in weight of the silver. The increase in weight represents tlie 
iodine liberated plus the tellurium (or selenium). 

Volumetric Kstimalion. — ^Tellurium may be determined by oxidation 
from the tellurous to the telluric condition, using an excess of potassium 
dichromate or permanganate and subsequently titrating the excess ot 
oxidising agent with a standard solution of a suitable reducing agent.- 
In order to obtain accurate results with the potassium dichromate 
titration, certain very definite steps in the procedure are essential, and 
it is necessary to control the course of the reaction, since hydrochloric 
and telluric acids interact with production of chlorine. 

3Te02AKXr.p,mSHCl-3H.;iA0A-2CrCl3A2KCl-II.p. 

The following procedure ^ has been found very satisfactory. The 
hydrochloric acid solution of the dioxide is treated with an excess of 
standard dichromate and allowed to react for at least half an hour. A 
measured excess of ferrous ammonium sul])hate is added and the excess 
of ferrous salt titrated with standard dichromate, using potassium 
ferricyanide as outside indicator. The weight of tellurium dioxide should 
be les"s than 0-3 gram, and the solution, the volume of which should be 
approximately 200 c.c., should contain 2 per cent, of free hydrogen 
chloride for successful working.'^ 

Tellurous acid cannot be determined by oxidation with potassium 
permanganate in acidified solution, but in alkaline solution accurate 
results may be obtained by cooling to C. after the oxidation 

and slowlv* acidifying with dilute sulphuric acid, Avith continual stirring. 
Excess of standaml oxalic acid is then added and after warming to 50' C. 
the remaining excess is titrated with permanganate.^ 

Telluric acid may be determined iodometrically by reduction with 
either hydrogen bromide or hydrogen chloride.^ The substance is 
heated iii a dVstillation llask with four times the theoretical quantity of 
potassium iodide in the presence of the acid, air being excluded from the 
apparatus b}' passing a stream of carbon dioxide. The liberated iodine 
is titrated in tlie receiver and in the residue." 

Purkins, Amcr. J . Sci., 101.0, [iv.], 29, 540. 

- Monat.Ai., 1892,12, 34; Gooch and Peters, -4 ?//cr. J. 8’ct, 1S99, [iv.], 2, 

•>71 . 

^ Leiiher and W'akidieJd, J. Auier. Chem. Soc., 1923, 45, U23. See also Moser and 
Miksch, 1924, 44, 3-19, for a method involving oxidation in neutral solution. 

For a inodiHcaliim of this method in which the end-point is determined elettro- 
mctricallv, see Schrimk and Prowiunp, J. -I /uer. Chan. Soc., 1926. 48, 139. 

^ Mo.h-r and Mdcseli, loc nl. See also Brauncr, T/cufs. Chan, d’em, 1891. 59, 2o0. i or 
a method in wbieh the exc-i'ss of permanganate is determined iodometricall} in the pie^jente 
of sodium acetate, sec; Xorns and Fay, Arnr-r. Chem. A 1898, 20, 

i\los('r and Frinz, Zat.rJi. (rn.nl . Chem., 1918, 57, 2/7 ; Moser and Miksc-h, toe. at. ^ 

' Cf. Giitbicr and Re.senscheck, Chem. ZaMr., 1904, ii., 1555. Fee also Menke, ZtiUch. 
anorg. Chem.., 1912, 77, 282. 
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Other methods liave been described whieli depend on reduction of 
the tellurium compound by means of titanous chloride, but these gener- 
ally are not trustworthy owing to the formation of hydrogen telluride. 
Potentiometric titration with titanous chloride in the presence of 
h 3=^ dr o chloric acid has been recommended.^ 

Telluric acid may also be estimated alkalimetrically - b\^ the addition 
of a large excess of standard barium hydroxide, or sodium hydroxide 
containing barium chloride, when barium tellurate is quantitatively 
precipitated. The excess of the hydroxide is determined by titration 
with oxalic acid, phenolphthalein being used as indicator. 

^ Tomicek, Bull. Soc. chiw., 1927, [iv.], 41 , 1389. 

" Rosenheim and Weinheber, Zeitsch. anorg. Chem., 1911, 69 , 266. 


CHAPTER VIE 

COMPOUNDS OF TELLURIUM. 


Ix its chemical behaviour tellurium shows considerable resemblance to 
sulphur and selenium, and its inclusion in the same group with these 
elements was due in the first place to the analogy in the composition of 
many of its compounds with that of compounds of sulphur and selenium. 
There are, however, important characteristics which differentiate the 
compounds of tellurium from those of the other elements of the group. 
Like sulphur and selenium, the element exhibits bi-, quadri- and'^sexa- 
valency, but those compounds containing tellurium in the quadrivalent 
condition are the most stable. Moreover, in this condition tellurium 
appears to resemble platinum somewhat, there being evidence that the 
four valencies are directed symmetrically about the atom in a simple 
square configuration, possibly in one plane (c/. the spatial arrangement of 
the sulphur atom, p. 40) ; thus compounds such as dimethyltelluronium 
dihalides, TeMe2X2 (X — Cl, Br or I), are known to exist in two distinct 
isomeric forms, a- (trans-) and {ds-) forms, ^ although it must be 
mentioned that the molecular structure of these compounds is a matter 
of controversy, and conductivity measurements show that in aqueous 
solution one of the halogen atoms is hydrolysed more or less completely, 
whilst the other atom forms a halogen ion,- for exam]:)lc : 

[TeMcoCl] Cli-H.O ^ [TeMcoOHlCl-t-HCl. 

The basic tendencies of tellurium also lead to important characteristic 
differences in the properties of its compounds compared with the pro- 
perties of its sulphur and selenium analogues. 

Tellurium forms only one compound with hydrogen, hydrogen tel- 
luride, HoTe, which is a gas at ordinary temperatures and resembles 
hydrogen sul])hide in its ability to precipitate as tellurides many heavy 
metals from their solutions, although the conditions of such precipitation 
do not appear to have been fully investigated. As already described, 
many of the tellurides occur in nature. With each of the halogens 
tellurium forms a tetrahalide of the type TeX^, which with water pro- 
duces tellurous acid. The tetrahalides show a marked tendency to form 
additive compounds, and except in the case of the fluoride, yield with 
alkali halides co-ordinative compounds of the t\q3e RoTeXg, analogous 
with the platinum compounds. The only other halides known are the 
hexafluoride, TcF^, the dichloride, TeCU, and the dibromide, TeBr.,, 
the last two being very unstable under ordinaiy conditions ol tempera- 
ture and pressure. Certain indefinite oxyhalides have also been isolated. 

Oxides of composition TcO, TeOo and TeOg are known, as well as a 
fourth compound, Te307, which appears to be a basic tellurium tellurate, 

^ Vernon, Trans. Chtni. Soc., 1920, ii7» S 6 , 889 : 1921, 119 , 105, 6 S/. 

“ Lowry, Goldstein, and Gilbert, J. Chcrn. Soc., 1928, p. 30/. 

YOL. VIL : 11. 369 24 



370 


SULPHUR, SELEXIUH, AXD TELLURILUI. 

2 Te 02 .Te 03 (sec p. 887). The dioxide is only slightly soluble in water 
and the aqueous solution does not redden litmus ; it dissolves in aqueous 
alkalis with formation of tellurites, from solutions of which tellurous 
acid, HoTeOo. may be jU'ecipitated (see p. 882). This compound is also 
only slightly" soluble in water, but its solution is sullieiently acid to 
redden litmus. The acid is very unstable and readily loses water to form 
the dioxide : this tendency to dehydration is characteristic of acids 
derived from elements with weak metallic properties, the oxides of which 
are feeble anhydrides. That the dioxide also has definite basic properties 
is shown by its reaction with many acids to produce salt-like compounds 
containino- quadri\'alent tellurium, as, for example, the tetrahalidcs and 
the sulphates (p. 88T). Tellurium trioxide, obtained by heating telluric 
acid, is unacted on by water, and is readily reduced to the dioxide. Telluric 
acid, which is produced by the action of powerful oxidising agents on 
tellurium, is a very weak acid, but it is a more effective oxidising agent 
than sulphuric acid and, like selcnic acid, is able to liberate chlorine 
from hydroeliloric acid. Telluric acid shows a greater tendency than 
its sulphur and selenium analogues to enter into the formation of com]Dlex 
compounds such as heteropoly-acids (see p. 388). 

The few com])ounds of teilurium with the elements sulphur, carbon 
and nitrogen winch have been investigated, are described later (])p. 388- 
891 ). Most tellurium compounds are colourless, but tlie sulplnir com- 
pounds, as well as the polytelluridcs, arc in general dark red. A similar 
deepening of colour occurs in the polysulphidcs and polyselenidcs. 

Tkt.luiul'm and IU'i)no(;i:x. 

Hydrogen Telluride, HoTe. — In 1808 tlu^ obser\'ation was made 
by Ritter ^ that in the electrolysis of water using a tellurium catliode. 
an unstable tellurium-hydrogen compound was ])roduced, and in re- 
peating this experiment with potassium hydroxide^ solution as electro- 
lyte, Sir Humphry Davy two years later further obscu'V'cd the formation 
of a deep red solution. ’Herthelot and Fabre in 1887 first ])re{)arcd the 
hydrogen compound in a state ap])roae]iing ]nirity.“ 

Pre'paratiofi. — -(1) Tellurium can be reduced to hydi'ogen tclluride 
by strongly heating in an atmos]^here of hydrogen (sec* ]). 357). but the 
yield is very poor, ami the ]mrer the tellurium the* grcaitor is the resistance 
against tlie action ol‘ hydi’ogen.-^ The reduction can also bc' (‘ffccted 
by zinc and dilute sulphuric acid, the tellurium Ixhtig couvc'iiiciitly 
added as the dioxide.’ hut tlie most satisfactory nughod of reduction 
is to make tellurium the catliode in an electrolysis, at 0' ('. or lower, 
of 50 per cent, siilphnrie acid or preferably ])h()S])horic acid ; the 
evolved gas may contain 5 to 10 per cent, of* frea; hydrogen. ' 

(2) Hydrogen tclluride is also obtainable from tlu^ mc'tallic tellurides, 
for example, from magnesium, aluminium, zinc and iron tcUuridcs. 
These are deconqmsed by water or by a non-oxidising acid such as dilute 

1 Ritter, GUhe.ri',-- Anna I cn , 29, .118. 

- Berthclot and Fabre, Anni. Phys. Chon,., 1887, [ vi.], 14 , 108. 

^ Gutbicr, Zr-Ptsch, anonj. Cher,,.. 1002, 32 , oJ ; flenipc'l and W'eix-r, ihhl , I'Rd, 77 , 48. 

.Divers and Shimose, /ler., 188.8, 16 , 1014. 

^ Pogacndoi’ff, Pacjcj. Antialpn, 1848, [ii.!, 75’ 8.)0 ; .Pirnyei, Z( i(scfi. an,jrr/. Chf ,,) , 11)00, 
25, 313. Hempid and Weber, ibid.. 1912, 77 , 48 ; Dennis and Anderson, j. A, nor. Cham. 
Soc.. 1914, 36, SS2. 



COMPOUK-DS OF TELLURIOI. 37 1 

hydrochloric or phosphoric acid. It is necessary to displace the a^’r 
froin the apparatus previously by means of a cuWent of nitroaeii and 
to collect over mercury. The hydrogen telluride mav be piirldeV bv 
passing it through a freezing mixture of ether and solid carix)!! dioxide. 
Aluminium telluride is the most suitable telluride to use and hydroaeii 
chloride the best acid. Under the most favourable conditions a yield of 
more than SO per cent, of the theoretical may be obtained.'* 

Properties. — Hydrogen telluride is a colourless gas, the odour of 
which is notably different from that of its selenium\nd sui])hur ana- 
logues, being less pronounced and faintly recalling that of arseninretted 
hydrogen. The gas is poisonous ; a bubble inhaled is snlhcicnt to cause 
a severe attack of vertigo.- The gas can be solidified to a colourless 
crystalline mass which at — 57"^ C. melts to a very pale yellow liquid of 
boiling-point —1-8° C. at 760 mm.^ and density 2*57 at — 20^' C.-' The 
critical temperature lies in the region of 200^^ C. When frcslily dis- 
tilled, liquid hydrogen telluride is almost colourless, but darkens izradu- 
ally on keeping, owing to the formation of tellurium, which remains 
dissolved in the liquid. This decomposition is greatly accelerated by 
daylight and by ultra-violet light. ^ 

Conductivity measurements in 10 aqueous solution show th.e dis- 
solved gas to be ionised to the extent of 50 per cent., whilst hydro<zen 
selenide in A^ 10 solution is only 4T per cent, ionised. The aciditv of 
the hydrides of the elements oxygen, sulphur, selenium and tellurium 
therefore falls into the regular series HoTe > H.^Se >H2S > HoO, in 
inverse order to the stability.^ 

The gas is fairly soluble in water and also in ether, the latter solvent 
giving a relatively stable solution.'^ The vapour density accords very 
closely with that expected from the formula HoTe.® 

Hydrogen telluride is an unstable gas. It is an endothermic com- 
pound, the heat of formation being as follows : ^ 

Ho (gas)---Te (cryst.)=H2Te (gas)— 35,000 calories. 

When the gas is kept in sealed tubes a deposit of tellurium gradually 
forms on the walls. This dissociation does not appear to be accelerated 
by light, as is the case with liquid hydrogen telluride (see before), since 
it occurs just as rapidly in the dark.^^ 

Hydrogen telluride burns in air with a blue flame, producing water 
and tellurium dioxide. Moist air decomposes the gas immediately even 
at the ordinary temperature with liberation of black tellurium. The dry 
gas is immediately oxidised by oxygen. 

Solutions of the alkalis dissolve the gas with formation of tlie corre- 
sponding telluride, but on account of the presence of more or less free 

^ Moser and Ertl, Ze.itsch. emorg. Che.rn., 1921, 118, 269. See also Dennis and Anderson, 
J . Amer. CJiern. Soc., 1914, 36, 882 ; Wohler, Aiui. Phys. Chein., 1827, [ii.]. ii, 161. 

- Baker and Bennett, Tran.<. Chem. Soc., 1907, 91, 1849. 

Brnylants, Bull. Acad. roy. BeJg., 1920, [v.], 6, 472. 

^ de Forcrand and Fonzes-Diacon, A/in. Chi-m. Phys., 1902, 26, [7], 2o8. 

^ Moser and Ertl, Zeifsch. annrg. Clitm,., 1921, I 18 , 269. 

Bruner, Zrdtsch. FAckirochein., 1913, 19, 861 : dc Hiasko, Bull. acad. PoJouais>: Sc 2 . 
Lett res, 1919, A, 73. 

■ Whitehead, J. A?ner. Chem. Boc., 1895, 17, 849. 

Ernyei, Zeifsch. uiiorg. Cheni., 1900, 25, ois. 

^ Berthelot and Eabrc, A?i7i. Phys. Chem-., 1887, [vh], 14, 103. 

Dennis and Anderson, J. Amer. Chem-. Soc., 1914, 36, 882 ; Moser and Ertl, loc. cit. 
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oxygen, some free tellurium is formed and dissolves in the telluride 
solution, so that the solution is generally deep red in colour. If oxygen 
is entirely excluded the solution is colourless. i The solution of alkali 
telluride 'caui be used for the precipitation of some of the lieavier 
metals. Hydrogen telluride itself also precipitates many of the heavy 
metals as tellurides. 

Hvdrog'en telluride is very sensitive towards the halogen elements 
It not only readily reduces chlorine, bromine and iodine to the corre- 
sponding liydraeids with simultaneous liberation of tellurium (which in 
the ease of chlorine can further pass easily into the tetrachloride), but 
it also reduces solutions ol such salts as lerric chloride and inercurie 
chloride to the lower chlorides, tellurium being ])recipitatcd. It also 
reduces tellurium chlorides, the only products Ixhng liydrogen chloride 
and tellurium. 

The composition of the gas is demonstrated by the action of heated 
tin, when the volume of hydrogen obtained is equal to tlmt of the original 
gas. 

Organic tellurides are known and clearly show the tendenev of 
tellurium to pass from the bivalent condition to one of h.ighcr valency : - 
thus the dialkyl tellurides act in an unsaturated juaiincr and readily 
form dihalidcs, oxides and hydroxides, for example, ((hJU),TcCr 
(CH3),TeO. ^ ' " '' 


TELJunn.rM and Furoinxi-:. 

Two tellurium fluorides have been described, haxdng th(‘ coin])ositions 
TeF 4 and Teh\;. res])ectivcly. 

Tellurium Tetrafiuoride, TeF.,, is formed by tlie action of 
fluorine on tellurium, the heat of the reaction causing the mass to 
become incandescent.'^ 

By dissolving tellurium dioxide in hydrolluoric acid and concen- 
trating the solution, a tellurium oxyduoruh^ sc'paratcs, which, 
according to Ikrzelius. yields on heating first wat(‘r and then a 
sublimate of the tetrafiuoride. Mct/ncr,’ by cooling \ hc solution to 
about -“50“ C.. obtained crystals to whicli he assigned the formula 
TeF 4 .TeOo. 2 ]IoO, and on treating the mot }u'r-li(pK)r with anhydrous 
hydrofluoric acid and cooling to 70 it s()Ii(lili(‘(l. On allowino' 

the temperature to rise once more. th(' poriioti which rcmiaiiuai unfused 
at —28“ F. was regarded as tellurium t el ralluoridcs Bridc-aux and 
Millott. howeyer. using anhydrous hydrogcai fluoride* 1 hroughout, 
have ]iot been able to obtain [he 1 ctrafluoiUh* by such me*ans.'^ Idicsc 
investigators obtained a liepiid which, in a vacuum desiccator, yielded a 
mass of wlutc crystals of composition Th'F ,.T\-0.,. 1 1 A) (s(‘e later). 

iellurium tctivdluoridc* is a d(“lK[U(‘scc‘nt solid which is d(*eom])osed 

^ Ernyci, Ztifsc/i. anorij. Ch()n., 25, ,‘>1.3. 

- Lyons and Bush, J . Amcr. Chen,. Sor.. 1<)().S, 30, S.'U ; [..(‘defer, Vo/e/;/. /7//d., 1010, 
151, 611 ; Ber., lOJ l, 44, 2287; Aruialc/,, 1012, 301, :>2() ; W-rrioii, '/'rans. Chem. Bor. 
1920, 117, 86, 880; 102J, 119, lO.g 687; ( Joddard, Ashh^y and lA-ans, d;e/., 1022, I2I, 
078 ; Xatta, Atli JJ. CVey/. Xaz. Chn/i. B/rrn AppL, 1026, p 1.326 , ('hrm. 7j<o,lr., 1028, i., 
2245; Gilbert, and Lowry,,/. (Bicu. Bor.. 1 !>28, p. .‘U 70 , Xdtmr, 1020 123 8,5; Drew' 
L. L/?.e//n Aoe., 1020, p. 560. 

IMoissa!!, yin./; (Bum. Bh.j/s., 1801, [6j, 24, 2.30. 

' 5Ierzn(‘r, ihnl., 1808, [vij.J, 15, 2U3 , ('<>,„ pi. 1807, 125, 2.3. 

^ Pndcaux and Millotl, J. Chern. Bor., 1026, })p. 17.3, 620. 
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by Avater, forming tellurous acid. The foregoing method of preparation 
is therefore dependent on the reversibility of the reaction 

TcF,~8IloO HoTeO;,H-4HF. 

The presence of tellurite makes a special method necessary for the 
estimation of the fluoride, and it is found ^ that after hydrolysis the 
hydrogen fluoride may be titrated with alkali, using p-nitrophenol as 
iiidicator, the end-point not being affected by the presence of tellurous 
acid. 

Tellurium tetrafluoridc combines with the fluorides of the alkali 
metals (including ammonium) and barium fluoride, producing colourless 
crystalline salts of the general formula XF.TeF.j, in wdneh X represents 
the equivalent weight of the metal.- 

Tellurium Hexafluoride, TeF^, appears to be more stable than 
tellurium tetrafluoridc. It has been obtained by the action of fluorine 
on tellurium at —78'' C.^ The resulting colourless crystalline solid 
vaporises on alloAving the temperature to rise. The solidified substance 
melts at —36" C. and boils at — 3o-5° C., the critical temperature being 
83° C. The vapour density is 119*5, agreeing with the formula TeF^^^. 
The gas has an unpleasant odour, recalling ozone and tellurium hvdride. 
W ater only slowdy decomposes the gas, wfliich does not attack glass. 

TeFe-h-lRoO ^HoTeO^-f 6IIF. 

Tellurium Oxyfiuorides. — The distant resemblance of tellurium 
to the metalloid antimony, its neighbour in Group Vb, extends to the 
formation of oxyhalides or basic halides. The system TeOo— HF— HoO 
has been im'estigated at 10° C.-^ and a number of crystalline hydrated 
oxvfluorides obtained either by slow' evaporation of solutions of tellurium 
dioxide or tellurous acid in nearly 100 per cent, hydrofluoric acid, or by 
evaporation in a vacuum over concentrated sulphuric acid of solutions 
in 40 to 55 per cent, hydrofluoric acid. The rnonohydrate, TeF4.Te02. 
IToO, Avas generally obtained in the form of rosettes of transparent 
needles ; the dihyclrate, TeF4.TeOo.2H2O, sometimes separated in this 
foi’m and somctinies as hard milk-Avhite nodules of radiating crystals. 
An oxyliuoride of composition 2TeF4.3Te02 Avas also isolated both in the 
anhydrous condition and as a hydrate containing GHoO. 

The exact nature of the oxyfiuorides described has not yet been 
determined, but for the monohydrate there is evidence in faA'our of the 
formula 2TeOF 


Tellurium and Chlokixe. 


Tellurium Dichloride, TeClo.— This compound is the first pro- 
duct of the regulated action of chlorine on tellurium, but it is difflcult to 
preA'ent further conversion into the tetrachloride.^ A more satisfactory 


1 Pndcaux and Milloti, Zoc. CiL i i r 0 • ioat 

1-loo-boin, BidL Soc. cJiini., ISSl, [ii.], 35, 61 ; AeUs and W illis, Amer. J. ben, lyul, 
[iv.], 12,^190. 

Pndeaux, Trans. Chun. Soc., 1906, 89 , 316. 

Pridcauxa,ndMi]lott,J.6V^em. 80c., 1926, pp. 173, o20; 1929, p. 2 m3. 

- Prideaux and Millort, loc. cii. See aLo Metzner, loc. at.-, U einland and Alla, 

ZAtscJi. anorg.CSiera., 21, x. p 1 7 r:- 

« Berzelius, Ami. Chim. Phys., 1835, 58 , 113, 22 o ; Rose, Pogg. Annahn, ISol, lh.], 
21 , 443. 
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joroccdiire is to boil tellurium tetrachloride with tellurium under reflux : ^ 

TeCl4-rTe=2TeClo. 

When powdered tellurium is heated in a stream of carbonyl chloride, 
brown vapours of the dichloride are evolvecb which may be condensed 
to a velvety-black crystalline mass.- 

AVhen in a state of fine division, tellurium dichloridc lias a ycllowish- 
Q-reen colour. On account of its miscibility with tellurium the chloride 
fs difficult to obtain pure and the recorded meltino'-points range from 
209^ to 175'^ C. ; the boiling-point is near 324" C.^ The reddish vapour 
at 450" C. has a density in keeping with the unimolecular formula 
TeCI,." 

Bivalent tellurium is not stable and the dichloridc in the solid 
state tends to undergo self-oxidation and reduction, forming a solid 
solution of the element in the tetrachloride.^ Under the action of 
water, acids or alkalis, tellurium and tellurous acid are formed : 

2TeCi2d-3H,0-Te-fIIoTe03-f4HCL 

The dichloride is stable only in the gaseous condition or in solution 
when in equilibrium with its decomposition products.^ It is hygro- 
scopic, but does not fume in air. When heated in air it burns to 
tellurium dioxide and tetrachloride. It is also slowly converted by 
chlorine into the tetrachloride. 

Repeated sublimation of tellurium diehloride with a deficiency of 
ammonium chloride leads to the formation of a greenish-black cidorch 
tellurite, (XII,,i) 2 TeCl 4 , which is stable in air and not hygroseo]uc." 

The dichloridc reacts with magnesium phenyl ])romide, 
in ether solution, with formation of diphenyl tclluridc, 

Tellurium dibromide and di-iodide give a similar result.*^ In ether 
solution the dichloride absorbs bromine and iodine, }.)ut the ])roducts, 
presumably the chlorobromide and ehloro-iodide, res])ectivc]y, have not 
iDcen isolated.^ 

Tellurium Tetrachloride, TeCLi. — AVhen chlorine is passed con- 
tinually over carefully heated tellurium, the final ]woduct is a yellow 
liquid which solidifies to a crystalline mass on cooling. It can be 
purified by distillation.^^ The chlorine cun be re])laced ])y sulphur 
monochloride, or even by sulphuryl chloride or tiiionyl ciiloride : 

Tc-:-2Clo-.TeCli ; 

Tc-h2S2Cl2-TeCl.i-t-4S ; 

Te + 2S O oCl 9 = TeC 1 -j- 2 S O ^ ; 
Te-,-2S6Cl“.=TcCl,-rSOo“-S. 


^ Bcr., 1887, 20,2488. 

- Lindner and Apolaiit, Ztitsch. anorg. Clu-.i/i., 192-1, 136 , 381. 

2 yicliaelis, loc. c.it. 

For the absorption spectrum, see Gernoz, Cotupt. rtiuL, 1872,74, UdO ; Wullrier, 
Per., 1887, 20 , 2490 ; Friederiehs, ZtiUch. wiss. Photochtni., lOOd, 3 , 17)4. 

^ Damiens, Ann. Chini., 1923, 19 , 44. Damiens, loc. cut. 

' Lindner and Apolant, loc. cit. 

^ Lederer, Ber., 1915, 48 , 1345. 

^ Damiens, Joe. cit. 

Michaelis, Ber., 1887, 20 , 1780, 2488. 

Lenher, J. Anier. Ckern. Soc., 1902, 24 , 188 ; Macivor, C/ieni. News, 1902, 86 , 308. 
von Horvath, Zeitsch. anorg. Cfiem., 1911, 70 , 408. 
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Tellurium dioxide is also converted into the tetrachloride bv the 
action ol sulphur monoehloride or even hydroiien chloride (see n 3S1 ^ 

Tellurium tetrachloride is a colourless^ crystalline solid it nieMs -it 
225° C.i to a yellow liquid, the colour of which deepens as the boiliim- 
pomt, 390° C., IS apioroached. The vapour is vellow and at 440° C has 
a density agreeing closely with the formula TcCl.,. although above 
500' C. appreciable dissociation occurs, probably into the dichloride 
and chlorine. Unlike tellurium dichloride, the vapour of which shows 
marked absorption bands, the vapour of the tetrachloride o-Pes no 
definite absorption spectrum.- ^ 

The molten tetrachloride resembles the dichloride in readily con- 
ducting the electric current, tellurium in both cases being liberated at 
the cathode. 

Although stable in dry air, the tetrachloride is graduallv decomposed 
by moisture ; it deliquesces, giving an oxychloride. This “ oxvehloride'' 
is probably only a mixi:ure of tetrachloride and dioxide.^ With a larger 
quantity of water the tetrachloride dissolves, giving rise finally to 
tellurium dioxide. It is soluble without decomposition in aqueous 
hydrochloric acid (from which an unstable compound HCl.TeCl4.5H.>0 
crystallises at —80"^ C.), also in carbon disulphide and sulphur mono- 
chloridc.^ 

Ammonia attacks the tetrachloride differently at various tempera- 
tures. At 200^ to 250" C. reduction is effected according to the equation : ^ 

3TeCl 4 -- 1 6XI-1 3 = 8Te -f 1 2XH 4CI -f 2X o. 

At 0^ C. ammonia is absorbed, with formation of additive compounds : 
TeCl4 . GX'Hjj, TeCl.^j.dX’TIg and TeCl4.3X'.ll3 have been described.'^ These 
com]3ounds easily liberate ammonia on gently warming, and at liigher 
temperatures form the lower chloride and ammonium cdiloride. Liquid 
ammonia (anhydrous) at still lower temperatures, e.g. —15“ C., converts 
tellurium tetrachloride into the yellow, amorphous, explosive tellurium 
nitride and ammonium cliloride." 

AVith sulphur trioxide, tellurium tetrachloride yields a crystalline 
compound having the composition TeCl 4. 2SO3.® AVith the chlorides of 
the alkali metals (including ammonium) and the organic amines, yellow 
tehurichlorides of the general formula X^TeCl^ are produced, corre- 
sponding with the unknown acid HoTeClg. These are decomposed by 
water with formation of tellurous acid”, but can generally be recrystallised 
from aqueous hydrochloric acid without decomposition.^ 

AAlmn fused in a sealed tube with silver chloride the liquid separates 
into two layers, the lower consisting of almost pure sih'er chloride, whilst 

1 Simons, J. Amer. Chen. Soc., 1930, 52, 34SS ; Biltz and Friedrich, Zcitsch. anorg. 
Chtni., 19d4, 136, 416. 

- \\'’ulliicr, Btr., 1887, 20, 2491. 

^ Lenher, J. A)iier. Chen. Snc., 1909, 31, 243. 
hletzner, A/ui. Chim.. Fhys., 1898, [7], 15, 203. 
hlctzner, loc. cit. 

G Strecker and Eberi, Be., 192.5, 58, [B], 2527; Wolder and Espenscliied, AnimUn, 
1860, 1 13, 105 ; J. grtald. Chtni., I860, 80, 430. 

” ■Mclzncr, loc. cit. See also Strecker and Ebert, loc. at. 

® Brandll and Borinski, Zcitsch. anorg. Chtni., 1909, 62, 237. 

Wheeler, Aw.er. J. Sci., 1893, [iii.], 45., 267 : Lenher, J. -dwicr. Chem. 480c., 1900, 22 
136 ; 1903, 25, 730 ; Xorris and Moramers, Aincr. Chem. J., 1900, 23, 730 ; Guthier and 
Flurv, J. prakt. Chem., 1911, [ii.], 83, 145 ; 1912, [ii.], 86, 150 ; Zeitscli. anorg. Chem., 
1914'; 86, 169. 
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On this decomposition depends tlie cfrccHveness of the suggested method 
for freeing crude tellurium tetrabromide from any oxybromide ])resent 
in it. 

Tellurium axd Iodixu. 

Tellurium and iodine, in the molten eondition, are miscible in all 
proportions, and the system tellurium-iodine has been examined from 
the thermo-analytical standpoint, the freezing-point curve giving in- 
dications only of the formation of a tetra-iodidc, Tel 4 , in the fused 
mixture.^ 

A tellurium di-iodide has been described by Eerzelius as obtained 
M'hen tellurium and iodine are sublimed together, but its existence as 
a definite compound appears doubtful.- Damiens ^ has shown that the 
so-called tellurium di-iodide is a mixture of the tetra-iodide and a 
solid solution of tellurium M'ith the tetra-iodide. 

Tellurium Tetra-iodide, Tel,,. — This compound may be pre- 
pared in a very pure state by heating together finely divided tellurium 
and excess of iodine and allowing the product to cool slowdy. The 
excess of iodine may be removed by extracting with carbon tetra- 
chloride.'^ 

The tetra-iodide may also be formed from the dioxide and con- 
centrated hydriodic acid. Telluric acid gives a similar result. The 
resulting halide may separate as such or in needles of an additive com- 
pound, HI.TeI 4 .SHoO, M'hich gives a residue of tetra-iodidc when warmed 
to 50'"~G0'^ C.5 

The tetra-iodide forms small, brilliant, black erystals. having a 
density of 5-05 at lo"" C. When heated above ]()()- C'. it dissociates 
into tellurium and iodine. When dissolved in excess of iodine it a])pcars 
probable that part of the iodide is in a bimoleeuhir eondition.^' It is 
unattacked by moist air, but is slowly deeom]K)sed by cold water, and 
on warming, hydrolysis occurs with the formation oj“ iu\ oxy-iodide of 
uncertain composition ; on boiling with w ater c‘om]>lete iixxirolysis to 
hydrogen iodide is effected : ^ 

Tel4-!-3HoO-H2Tc03-r HII. 

It is sparingly soluble in alcohol and acetone, insoluhk' in ether, chloro- 
form and carbon disulphide.^ Alkalis and ammonia in a(piieous solution 
readily dissoh'e it. It is also soluble in a solution ol’ hydriodic acid. 

Analogous with the tetrachloride and tetrabromide, a(lditi\ e com- 
pounds are formed by the tetra-iodide with the alkali iodides. Tlie 
telluri-iodides,^ of llie general formula. are black, erystallinc 

substances, wliieh, like the telluriehloildes and telluilbromincs. generally 
crystallise in the regular system wlieii anhydrous. Tlu'V are decomposed 

^ Jaeger and Menke, /Voc. K. Abid. WeltnscJi. Antstt'r'fa nt, 11) iZ, 14, 7^4; Zdiscli. 
anorej. Chera., 1912, 77, 320. 

- Gutbier and Pliiry, ibnL, 1902, 32, 108. 

Damien.?, Compt. rend., 1920, 171, 1140. 

Damien.s, ibid., 1921, 172, 1105. 

Berzelius, Ann,. Chim. Fhi/^s., LS35, 58, 113, 225. 

® Beckmann, Sitzungsber. K. Ahad. BerUn, 1913, p. 880 ; Bcc.-kmann and Llanslian, 
Zeibsch. anurij. Chew.., 1913, 80, 221. 

Gutbicr and .Fiury, loc. cit. 

Damiens, loc. cit. 

^ Wheeler, Avier. J. Sci., 1893, [hi.], 45, 267 ; Zeitdch. anorg. Chern., 1803, 3, 428. 
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by water in the same way as the tetra-ioclide, although they are soluble 
without decomposition in concentrated hydriodic acid. It has not been 
found possible to obtain the corresponding di-hydrogen tellurium 
hexa-iodide. By the interaction of tellurimn tetra-iodide. iodine and 
hydriodic acid in a sealed tube, the only product is a substance haviin-r 
the composition Tel^.HI.SH^O.i 


Teli.urium axd Oxygex. 

Three oxides are known, the lowest being relatively unimportant. 

Tellurium Monoxide or Tellurium Suboxide, TeO, is produced 
when tellurium-sulphur sesquioxide (see p. 389) is heated in a vacuum 
at 180^ to 225" C., the residue being washed with sodium carbonate 
solution, hot water and finally alcohol : - 

TeS 03 =Te 0 -|-S 02 . 

According to Damiens,’'^ however, the substance obtained is a mixture 
of tellurium and tellurium dioxide. 

In dry air tellurium monoxide is a stable, amorphous, grey powder, 
or a porous solid, to which a graphitic lustre can be imparted by pressure. 
It is slowly oxidised in moist air and also when heated in dry air, being 
converted into the dioxide. 

Oxidising agents such as nitric acid and potassium permanganate 
convert the monoxide into the dioxide. Concentrated sulphuric acid 
has a somewhat similar elfect, the red solution primarily produced 
slowh' depositing tellurium sulphate : 

2Te0-r8l-BS04-Te(S04)o---TeS03-h3Hh0. 

Compared with tellurium and tellurium dioxide, tellurium monoxide 
is relatively unstable, as can be shown by the ease with which it passes 
into these two substances, for example when heated strongly in a 
vacuum or when treated with dilute acids or alkalis : 


2TcO=:Te+TeOo. 

The monoxide absorbs gaseous hydrogen chloride without any 
marked cliangc in appearance, but on heating some tellurium dichloride 
sublimes ; the direct relationship between these two compounds is thus 
demonstrated. 

Tellurium Dioxide, TeO.,.— As has already been mentioned, 
tellurium burns in air with the formation of the dioxide. 

The oxidation can also be effected in the wet way, for example by 
the gradual addition of hnely divided tellurium (preferably precipi- 
tated) to excess of nitric acid. A basic tellurium nitrate is the primary 
product (see later, p. 390), but on suitably diluting with water, tellur- 
ium dioxide is obtained as a colourless, crystalline precipitate.^ An 


1 jlenke, Zeitscli. anorg. Cheni., 1912, 77, 2S2 ; Met.zner, Clihn. Phjs., 1S9S, [vii.], 

^ Weber, J. praJcL Chem., 1SS2, [ii.], 25, 218 : Divers and Shimose Traas, Chtm. boc 
1883, 43, 319 ; Ber., 1883, 16, 1004 ; Doolan and Partington, Trans. Chem. boc., i9_4, 125, 
1402. 

3 Damiens, mtiZ., 1924, 179, 829. _ i i mm 

Berzelius, Ann. Chim. Phys.. 1835, [ii.], 58, 43, 225 ; and Morel, M., IbSo, 

[vi.], 5, 59 ; Browning and Fhnt, Amer. J. Sci., 1909, [iv.], 28, 11-. 
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alternative procedure is to evaporate the nitric acid solution and ignite 
the residues 

Tellin'iurn dioxide is known in two different crystalline forms. 
Crystals of the tetragonal system/- but almost regular (e/ ; : 

1-1076), of density 5*66, are obtainable from the solution in nitric acid, 
while the molten dioxide when slowly cooled deposits rhombic needles ^ 

: b ; c = : 1 : OHGOo) of density 5-93 and identical with the 

rarelv occurring mineral tellurite. 

The formation of tellurium dioxide from tellurium and oxygen is 
attended, according to Mixter, by the evolution oi 87,100 calories per 
gram-molecular weight. SchuhraannU gives the heat of forination at 
25'' C. as 77,700 calories and the free energy of formation as*— 64,320 
calories. 

When heated, the dioxide fuses at an incipient red heat, giving a 
clear, deep yellow liquid, the colour being lost on cooling. On account 
of its considerable latent heat of fusion, the mass becomes feebly incan- 
descent during solidification. Appreciable volatilisation occurs at 400'' 
to 500° C., the oxide, however, being much less \'olatile than tellurium 
itself. 

Tellurium dioxide is very sparingly soluble in water (1 part in 150,000 
at the ordinary temperature). The solution has no acidic ])roperties. 
The presence of even small quantities of nitric acid raises the solubility, 
on account of the formation of a basic nitrate, hot dilute solutions of 
which, however, frequently deposit the dioxide in a crystalline form on 
cooling.^ It is also soluble in diluted sulphuric acid, owing to the 
formation of basic telluric sulphuitc.' 

The dioxide can be reduced to tellurium by heating with carbon or 
with potassium cyanide.'^ A similar result can be produced by heating 
in a current of hydrogen, but the tenq^eraturc reeprired is high.^ 

For the reduction of tellurium dioxide in alkaline or acid solution, 
see later. 

When heated in sulphur nionocb.loride vapour, tellurium dioxide is 
readily attacked with formation of tellurium tetrachloride or diehloride, 
according as to whether the sul])hLir monochloridc or the tcllin-ium 
dioxide is present in excess. 

Aqueous solutions of the alkali hydroxides readily dissoh'C tellurium 
dioxide with formation of the cori*esponding tellurhe. In tlu^ ])j’esence 
of hydrogen peroxide the corresponding tclluratc* is tornual.** Ammoiiia 
and the alkali carbonates in cold aciueous solution ha\'e iiltle elTect, 
but the latter in liot solution or in the fused condition gi\'e rise to 
tellurites. Nitrates of the alkadi metals on fusion with tellurium 
dioxide produce tellurates. ‘“ 

^ Wills, AiitiaUn, J8S0, 202, 2-16. 

- Klein and Morel, Aim.. Chini. Phys., ISSo, [vi.], 5, (>9 ; 1887, 10, iUS ; Erba, ZcHsch. 
Kryst. Mi)!., 181)1, 19, 1. 

2 ScliafdL'jk, J. prukt. Chom , 1863, 90, 1.3 ; llrezina, Z(.llscli. Mm., 1888, 13, GIO ; 

Clarke, Antcr. J. Sci., 1877, [iii.], 14, 280. ' Mixter, I 'hid., 1910, [iv.], 29, 4SS. 

^ Sclmliinann, J. Aurier. Chun. Soc., ll)2.j, 47, llbG. 

^ Dudley and .Bowers, ibid., 1913, 35, 87.7 ; Klein and Moi'cd, toe. cif. 

' Brauner, McyimUh., 1891, 12, 34. ^ Ko.se, Ann. Phy.i. Chun., 18GI, [li.], 112, 308. 

^ Staudcnmaier, ZeiCch. anory. Ctiun., 1895, 10, 197. 

Lenhcr, J . Aintr. Chun. Soc., 1908, 30, 737. 

Gutbier and Wa,frenknecht, Zeilsoh. a-norg. Chem., 1904, 40, 203. 

Berzelius, Ann. Cfmn. Phys., 183.7, [11.], 58, 43, 22.7. 
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Telluriuni Dioxide as a Base . — Tellurium dioxide possesses definite 
basic tendencies, the tellurium being capable of acting as a quadri^-alent 
atom and the group TeO, telluryl, as a bivalent basic radical. 

tVhen heated in a current of dry hydrogen chloride ^ or with 
solid ammonium chloride.- tellurium dioxide forms the tetrachloride. 
AVith hydrogen chloride at lovr temperatures se\'eral w'orkers ^ have 
reported the formation of additive compounds similar to those obtained 
wdth selenium dioxide (see p. 325) : these at higher temperatures yield 
water and the tetrachloride. Parker and Robinsony however, in a recent 
investigation find no evidence that tellurium dioxide forms any definite 
addition compound up to 1 50'' C. : at O'’ C, hydrogen chloride is absorbed 
to giA-'c a ])roduct obviously not homogeneous, which loses water con- 
timioiisiy with rise in temperature, and probably consists of basic chlorides. 
The formation of the tetrabromidc by the interaction of tellurium 
dioxide and hydrogen bromide has already been described (p. 377). 
Reference has also just been made to the solubility of the dioxide in 
sulphuric acid and in nitric acid, the description of the resulting basic 
sulphate and nitrate being given later (pp. 380, 300). 

The salts of basic tellurium are colourless and are easily hydrolysed 
in dilute aqueous solution with formation of the dioxide. The addition 
of tartaric acid checks the separation of the dioxide on account of 
the formation of the stable acid tellurium tartrate Te(HC.jH 40 ( 5 ).i,^ 
which can be obtained in the crystalline condition, as also can the 
silver telluryl tartrate Ag.,(TeO)(C 4 l-I,iOg) 2 , analogous to potassium 
anti mouA^l t art rat e. ^ 

Aqueous solutions of the salts, or of tellurium dioxide in acids, casilv 
undergo reduction. to elementary tellurium. Phosphorus, phosphorous 
acid,' hypophospliorous acid,^"^ sulphurous acid,'^ thiosiilphuric acid,^® 
h\qoosulphurous acid,^^ hydriodic acid A- hydrogen sulphide, ferrous 
salts, stannous salts, hydrazine and phenylhydrazine, as well as 
various metals, e.g. zinc, iron, tin, cadmium, antimony and copper, are 
able to effect this reduction. 

By treatment with sufficiently strong oxidising agents, such as 
chromic acid or potassium ])ermanganate Avith hydrochloric or sulphuric 
acid, aqueous solutions of salts of basic tellurium are converted into 
solutions of telluric acid.^' 

1 Bull. Soc. rhini., JIKU, [lii. i, 33, 1310. 

- Gutl)ior and Mucy, Zc.iO-ch. (ULonj (Jhem , 1003, 37, 152. 

Dittc, Co'iupt. rriirl., JSTO, 83, 330 ; Lenlicr, J. AuMr. Chem. Soc., lOOO, 31, 243. 

Bai'kc'T and Robinson, ./. Chc-rii. Sor , 1028, p. 2853. 

'' JU.ekcr, Aiu/udeu, J87(), 180, 202. 

Klein, Anu. C/iini. Bhi/s., 'ISSl, [vi.], 10, 14; Brauncr, Jfo?)afsh., 1889, 10, 434; 
Becker, Inc. ciL 

' Rose, Ann. Phyn. Cficni., ISOl, [li.], 112, 30/. 

® Gut bier, Zdtsch (uiory. Chum., .1002, 32, 205. 

^ Bonatli, angcu:. Chfon., 18i.>0, 4, 215. 

Gooch and Howla.nd, Zcitsch. aiiorg. Chc.rn., 1894, 7? L32. 

Donath, loc. cU. 

Gooch and Howland, loc. ci.l. 

Gulbier and Fliirv, Zcit.cch anorg. Clicrn., 1902, 32, 2/2. 

.Fi.schei-, Ann-. Jdiys. Chern., 1828, in.]. 13, 257 ; Braimer, MnnafAi., 1890, ii, ;w/. 

1'' Gutbier and Fliirv, loc. ell. r n • 

Fisclier, Ann. Pfiyn. CJicvi., 1828, [ii.], 12, 502. For the suggested use of telluniim 
dioxide as an oxidising agent for such materials as hard steels and ferro-chrorae allo\^, see 
Glauscr. Ckem. ZcU., 1914, 38, 187. 

Braimer, Monaish., 1890, ii, 532 ; 1891, 12, 31. 
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Tellurkim Dioxide as an Acid Anhydride.—AXhoxi tellurium tetra- 
chloride is treated with water, or when an aqueous solution of a tellurium 
salt is decomposed by an aqueous alkaline solution, a bulky, colourless 
precipitate is obtained which is sufficiently solul^le in water to impart an 
acid reaction to the solution and which is more readily soluble than 
tellurium dioxide in acids or alkalis. A similar precipitate is obtained 
on acidifying a cold aqueous solution of potassium tellurite with a slight 
excess of nitric acid. This product is a tcllurous acid, possibly IT 2 Te 03 , 
but it is very unstable and spontaneously dehydrates, slowly at the 
ordinary temperature and rapidly at 4-0 "" C. with formation of dioxide. i 

Tellurous acid can be prepared from the residues from tlic electrolytic 
refining of copper by treating them with a solution of ammonia. On 
the addition of acetic acid to the resulting solution tellurous acid is 
obtained as a precipitate. When this precipitation is carried out in the 
cold the product obtained is readily soluble in alkali hydroxide, but if 
the precipitation takes place in a hot solution the product tends to be 
insoluble in the alkali hydroxides.- 

The concentration of tellurous cation in solutions containing in- 
creasing amounts of hydrochloric acid has been determined by poten- 
tial measurements, using a tellurium electrode, the total tellurium 
content of tlie solutions being determined chemically.*^ The concen- 
tration of the tellurium ion was found to iiicreasc as the fourth power of 
the concentration of the hydrogen ions, the relation being in accordance 
with the expression 

[Te--][ 0 H']-'/[H.;re 03 ]--=l -5 x 

This is in agreement with the beliaviour of tellurous acid as a weak 
base. 

Tellurites. — The alkali tellurites are obtainable from the dioxide by 
treatment with an aqueous solution of an alkali hydroxide or carbonate 
or by fusion with an alkali carbonate. They are soluble in water and the 
other tellurites can be prepared from them by ])reci])itation, those of 
the alkaline earths being sparingly soluble, the remainder even more 
sparingly soluble. 

In composition, the salts are not all closely I’clatcd to the mono- 
h 3 xlrated acid, IloTeOo, although many are deiAnd from tliis acid. 
Other salts arc known ^ which appear to be deriAX'd from hv]X)thetical 
condensed acids of com]:>osition HoTcoO^, dMeUnrous acid, and IL/Fc^Og, 
tetratellurous acid, which ma\" be regarded as ])rodiicts of the ]Aartial 
dehydration of the normal acid, iioTcO.,, oi* as intermediate products 
in the hydration of tellurium dioxide. 

The tellurites in aqueous solution are not \'erv stable, being decom- 
posed by hydrogen sulphide ^ or atmospheric carbon dioxide and under- 
going oxidation when treated with oxidising ageiits such as the perman- 
ganates, the halogens or luxlrogen peroxide, with formation of tellurates.^' 

^ Berzelius, loc. cii. 

- Oberhclmaii and Brownino, Anif'r. J . Sci., 1013, [iv.J, 36 , 3i)0. 

2 Kasarnowsky, Zeilsch. phy-nbil. Cltom.., 1924, 109, 287, 

See, for example, Lenher and Ukdesensky, J. A-'nicr. Chou. boc.. 1013, 35 , 718. 

Maclvor, Chevi. Aexs-, 1903, 87 , 200. 

Brainier, Monabk., 1891, 12 , 44; Gooch and Howland, Zeibch. ci/to/q. Chon., 1894, 
7, 134. 
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They are also reducible to tellurium by dextrosed by sodium hvdro- 
sulphite “ and by electrolysis^ ‘ 

On heatino' to a temperature of 440'^ to 470° C. in air, tellurites 
undergo oxidation, although under these conditions tellurium dioxide 
is not oxidised nor do the tetratellurites undergo oxidation. In the 
case of ]30tassiuni ditellurite the oxidation results in the formation of a 
compound having the composition K.20.Te03.Te02. 

AVith the exception of magnesium tellurite the precipitated tellurites 
are flocculent and show no tendency to crystallise. The following 
tellurites ha\'C been prepared : ^ 

Barviun Tellurite, obtained by precipitation from barium chloride 
solution : the precipitate appears to occlude large quantities of the 
chloride. 

Cachnium Tellurite, oCdTe02.2H20. 

Cob a It Tell urite, C oTeO H J) . 

Lead Tellurite, SPbTeOg.^iTI gO. 

yiagneeium Tellurite, 5MgTeOo.Ol-l.,0 and 10MgTeOj^.9H.,O. 

Manganous Tellurite. — This salt is readily oxidised by"the air at 
ordinary temperatures to the manganic state. 

Nickel Tellurite, XiTe03.2H20. 

Potassium Tellurite, K2TeO3.Sli20 ; Potassium Ditelluriie ; Potas- 
sill / / 1 Tetra tellurite, K oT e 9 . 4 11 oO . 

Silver Tellurite, obtainable in several varieties, differing in colour. 

Sodium, Tellm’ite, X^a2Te03.5H20 ; Sodium Ditelluriie; Sodiuin 
Tetra tellur ite. N a oTe lO g. IIT oO . 

The ammonium salt could not be isolated. A co2Jper ammonium 
tellurite of composition Te02 = (S:3*84, CuO=4‘68, NH3— 5-22, HoO^G-lO 
per cent, has been obtained.-' 

Tellurium Trioxide, Te03. — This, like so many of the tellurium 
com])ounds, was discovered by Berzelius. It is formed when telluric 
acid is heated a little above 300° C. Care is necessary, since overheat- 
ing induces decomposition of the yellow trioxide into the colourless 
dioxide. Any dioxide that forms can be removed by treating with con- 
centrated hydrochloric acid, in which the trioxide is only sparingly 
soluble.*’ 

Tellurium trioxidc is an orange-yellow solid, of density 5T0 at the 
ordinary temperature." Its heat of formation per gram-molecular 
wciglit is cS3-G Calories,^ and according to Mixter the decomposition 
of the trioxide into the dioxide is an exothermic reaction {cf. p. 3S0). 
As might thereibre be expected, this decomposition occurs readily and 
at sucii a tcjn])crature that the resulting dioxide is unfused. 

The trioxide is insoluble in water, hot or cold, in nitric acid and in 
cold hydrochloric acid. Concentrated hydrochloric acid when heated 
attacks it witli liberation of chlorine and formation of tellurium tetra- 
chloride in the solution. The caustic alkalis only dissolve tellurium 
trioxide in hot concentrated solution, with formation of tellurates. 

^ Stolba, Ztiisek. a/i.al. Chuti., lS7i, il, 437. 

- Brunck, Annahn, 11)04. 336 , 281. = Muller, Ber., lOOS, 36 , 4262. 

Lenhet- and W^’nlescnsk}', toe. eii. 

^ Obcrludnuui and Browning, toe. cti. 

Berzcliu.-^, AfUi. Cliini. Ptn/s., lS3b, 58 ? U3, 225 ; Staudenniaier, Zcilscli. aiioig. Ciieni., 
1895, 10 , ISO. 

' ClaiLc, Anivr. J. Sci., 1877, [in.], 14 , 286. 

3Iixtei-, ibid., 1910, [iv ], 29, 488. 
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Telluric Acids and the Tellurates. 

Tellurium trioxide gives rise to several hydration products which cj; 
all be regarded as telluric acids, but which are more conveniently coi 
sidcred as products of the furtlicr hydration of telluric acid, I-L,TeO 
the compound HoTe04.2HoO (possibly an ortho-” telluric aci( 
H(jTeO(5, see p. 387 ) being the most stable. 

Formation and Prejoaration. — (1) Powerful oxidising agents are ab 
to convert tellurium into the sexavalent condition, the product ol 
tained in the presence of water being telluric acid, whereas in tt 
presence of an alkali a tclliirate is obtained. 

[a] Aqua regia oxidises tellurium, incompletely, as far as tellur 
acid. Nitric acid gives a solution of tellurous acid, which by the actic 
of lead dioxide ^ or chromium trioxide 2 produces telluric acid. 

(b) A still better process is the passage of chlorine into an aqiieoi 
suspension of tellurium until the clear solution no longer gives a pr^ 
cipitate of tellurous acid when made alkaline and subsequently acidifie 
with acetic acid.^ The solution obtained, when evaporated to sma 
bulk and treated with alcohol, gives a crystalline precipitate of tl 
compound H 2Te04.2lT20. 

(e) Sodium peroxide oxidises an aqueous suspension ot telluriui 
to sodium tellurate.^ 

(2) Instead of using tellurium as the starling-point, the dioxide ca 
be employed, either as sucli or in the form of tellurite. Method (1) (c 
involves such oxidation of the dioxide, which is formed as an intermediat 
product. The dioxide can also be oxidised by fusing with potassiut 
nitrate ^ or potassium chlorate ; ^ it can also be replaced for this purpos 
by a tellurite ; the product in each case is a telluratc, from which tl 
free acid is obtainable by precipitation as barium telluratc and treatmer 
of this with the calculated quantity of sulphuric acid. The oxidation c 
the alkali tellurite can be clfectcd still more satisfactorily in solution b 
hydrogen peroxide : in this case the relative amount of alkali metal preser 
is so small that the concentrated solution on acidification with nitric aci 
deposits crystals of the acid, II2TCO4.2II0O, which can be rccrystallise 
from a little water, separation being aided by the addition of nitric acid 

( 3 ) A A'ery pure product and almost theoretical yield may b 
obtained by the oxidation of tellurium tetrachloride with chloric acic 
A slight excess of chloric acid is used to avoid the {‘ormation of an 
explosi\''C oxides of chlorine. The addition of concentrated nitric aci 
causes ])reci])itation of the telluric acid, which may be fre^ed from chlorin 
and nitrogen oxides by drying in a vacuum. Pre])ared by this metho 
the acid has the com])osition ll2Tc0,,.2ll20.^'^ 

ProjJerties . — Two dilTcrent crystalline forms of the dihydrat( 

^ Becker, Annah-Ji, 187G, 180 , 2r)7. 

- Slaudcnmaier, anorg. Chem., 189”), 10 , 189 ; Gutl)ier, iJjid., 1902, 32 , 96. 

2 Bro^vning and Minnig, A tner. J. Ari., 1913, [iv.], 36 , 72. 

Kothner, An./iaJen, 1901, 319 , L 

^ Berzelius, A-nn. CJdrn. Fhys., lS 3 r), 58 , 113, 225 ; Lenina' .and Boiler, ./. Amcr. Cher, 
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H2Te0.i.2H20, are known. The acid sepai’atinrr from hot 
solution in nitnc acid crystallises in octahedra ^ of the reirular svsteim 
hax-ing a density of o-()35. Tlie more usual and more U)--' 

consists of prismatic crystals of the mouoclinie systcm/ViaV^-. " 
density of 3-071, and obtained on o-radual evaporation of an aoirroas 
solution or on cooling a dilute solution in warm dilute nitric acid 

By Amry cautious heating at 140" C. the dihvdrate verv •rraa;^n^r 
loses a bimoleculcir proportion of water, forming ciUoteUunc acicLlI .Ted) 
which is a loose powder of density 3*43 at 19" C. : ^ on further heatim" h 
passes successively into tellurium trioxide and tellurium dioxide.^ 

The dihydrated acid is a snow-white crystalline powder, easily 
soluble in water - but not deliquescent. The addition of nitric acid or 
of alcohol diminishes its solubility in water. When its aqueous solution 
is evaporated at 0" C., tetragonal crystals of a hexahijdraie. H/reO.. 
6TI2O, are obtained.^ " 

In aqueous solution the acid has a metallic taste and only feebly 
affects litmus ; the latter characteristic is in accord with the ewdence 
of its electrical conductivity, which is small and indicates relatively 
slight dissociation, comparable with that of hydrogen sulphide ratlier 
than with that of sulphuric acid. Measurements of the hydrogen-ion con- 
centration of normal telluric acid solution gave j lF | = 4^<1()■ ^ gram-ion 
per litre. On the assumption that the acid'is ionised in accordance with 
tlie equation (see p. 387) 

H.TeO,-H -fH.TeO,' 


this gives the ionisation constant Z =1-6x10-^. According to this 
result telluric acid is a very weak acid.^ 

Examination of the solubility curves of the dihydrate and the liexa- 
hydrate shows that these intersect at 10" C. : this temperature therefore 
is the highest at which the hexahydrate is stable with reference to tiie 
dihydrate. The heat of solution of the dihydrate is negative,^ the 
value per gram-molecule being — 3*35 Calories. 

Allotelluric acid, Fl2Te04, judged by its electrical conductivity in 
aqueous solution, is a decidedly stronger acid than the dihydrate, HoTeO^. 
2H2OJ hut in the course of three days conversion into the latter acid is 
complete. Cryoscopic examination of the aqueous solution shows that 
the molecule of allotelluric acid is more complex than that of the di- 
hydrate, the change (I-l2Tc04)a; — > H2Te04.2H20 being one of con- 
current depolymerisation and hydration.^ It has been suggested that 
allotelluric acid is not a homogeneous substance, but a mixture of poly- 
merised forms of the crystalline acid. 

^ On the crystal structure of telluric acid, see Kirkpatrick and Pauling, Zeii-sch. 

1926, 63 , 502. “ 

“ Gossner, Zeii-sch. Krysi. Min., 1903, 38 , 49S ; Gutbier and Gossner, Chan. Zenfr., 
1906, i., 635. 

3 Clarke, Amer. J. Sci., 1878, [iii.], 16 , 401. 

^ For a method of determining: the concentration of aqueous solutions of telluric acid 
by means of an immersion refractometer, see Urban and Meloche, J. Chtrn. boc., 

1928, 50 , 3003. 

Staudenmaier, ZelUcli. anorg. Chetn., 1895, 10 , 189. 

‘‘ Rosenheim and dander, KoJIoid-Zcit.-^ch., 1918, 22 , 23. 

Mylms, lAr., 1901, 34 , 2214. 

^ iMctznci', Ru/n Chun. Phys., 1898, [vii.], 15 , d03. 
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Telluric acid (dihydrate), when heated, loses water and become 
orange in colour, then gradually clianging to white, owing to th 
successive formation of trioxide and dioxide. The residue is soluble i 
hydrochloric acid, forming an amber-coloured solution. 

Telluric acid may readily be reduced, although not so easily a 
selenic acid. Hydrochloric acid on warming effects a partial reductio 
to tlie dioxide, and on boiling, chlorine is evolved ; the latter reactio 
is characteristic of tellurium in the sexavalent form.^ Plydrobromi 
and hydriodic acids can carry the reduction to tellurium. ^ Anhydrbii 
hydrogen chloride converts heated telluric acid into tellurium tetra 
chloride, which sublimes away from the heated mass.^ Sulphurou 
acid causes a partial reduction to tellurium.'^ Hypophosphorous aei 
and hydrazine can effect quantitative reduction to tellurium.^ Th 
reducing action of hydrogen sulphide on telluric acid maybe due to th 
formation of unstable sulplioxytelluric acid, which breaks down wit 
the liberation of tellurium and sulphur.^ Telluric acid in 30 per cent 
solution is reduced to tellurous acid by sulphur, selenium or tellurium.' 

A concentrated solution of telluric acid boiled with a solution c 
potassium thiocyanate yields a yellow, heterogeneous, amorplious prc 
cipitate, containing tellurium, carbon and nitrogen.® 

Possibly owing to its oxidising power, telluric acid in warm aqueon 
solution is more actiA'e towards metals than might be expected from it 
feeble acidity, even lead, tin, silver and mercury being attacked.^ 

Telluric acid is able to form well-defined crystalline additive com 
pounds with the salts of such acids as iodic, arsenic, phosphoric, molybdi 
and tungstic acids. It also forms large, well-defined crystals with ]3otas 
slum nitrate of the composition 2KX03.H2Tc0,j.4H20. With silve 
nitrate telluric acid fbrms the compound AgXO3.II2TeO4.2H2O. 

When telluric acid or an alkali tellurate, or even tellurium dioxide, i 
heated with ammonium chloride, tlie mixture changes in colour fror 
yellow to orange with tl)e ibrmation of a white sublimate. On furthe 
heating the mixture darkens in colour, while a yellow sublimate is formei 
which in turn blackens on careful heating. I(‘ the chloride is replace 
by other common salts of ammonium, such as the nitrate, carbonate 
sulphate, phosphate, acetate or molybdate, these changes do not occui 
It has been suggested tliat the white sublimate consists partly 0 
ammonium chloride and partly of the additive product TeOo.2HCl, an( 
that the black sublimate is probably an ammoniated tellurous cliloridc 
possibly TeCl 2.2XH 3. 

Solutions of telluric acid give a quajititativc preci])itation c 
barium tellurate, BaTeO^.^lHoO, on the addition of barium hydroxid 
solution, and the use of a standard barium hydroxide solution, followei 
by titration of the excess of alkali with a standard solution of oxali 
acid, using pheiiolphthalein as indicator, forms a convenient process fo 

^ Gutbier and Wagcaikncclit, Zcllsch. (inorg. CIk-.Jii., 1004, 40, 2G0. 

“ Gooch and Howland, Amer. J. Sci., 1894, [ ni.], 48, Ud. 

^ -Berg, Bull. Sac. chim., 1905, [iii.l, 33, 1310. 

Lrauner, Trans. Chem. Sac., 1895, 67, 547. 

^ Gutbier, Ber., 1901, 34, 2724; Zeitsch. anorg. Ch(7n., 1902, 32, 295. 

^ Brauner, loc. cit. 

^ Benger, J . Amer. Chem. Soc., 1917, 39, 2179. 

Gutbier, Zeitsch. anorg. Chem,., 1902, 32, 31. 

Hutchins, J. Amer. Chem. Soc., 1905, 27, 1157. 
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the determination of the acidd With a solution ot !r:ereuro::'> nitrute 
telluric acid and the tellurares yield a yellow ery-rai-inc nuveinuiat-- of 
mercurous tellurate ; the crystals may either iaka tar ihrm uf ohakua 
plates or spheroidal masses. - 

The oxyacids of tellurium, like those of selenium, havr an inihiat r: v 
action on the growth of many bacilli in eultrures. Tiir idun of svlr:.:o::s 
and tcllurous acids seem to be much more inhibitory tium tho^e of 
and telluric acids. In the ease oi the growth of diphtiieria bai-ihi it iias 
been shown that the active concentrations of selenium and teiiurium 
are, for selenites, 1 : 1160, for selenates. 1 : 006. ibr telluritrs. l : 42iU 
and for tellurates, 1 : 125.^^ 

The Tellurates. — It is an interesting fact that tehuriuiu dioxide 
dissolves in a solution of telluric acid ; the solution on slow evaporatio:i 
gives crystals of telluric acid together with granules of a teiiuriuni 
tellurate, 2 Te 0 o.Te 03 or TegO-.^ 

Although it can be completely neutralised by alkali liydroxide^-. 
telluric acid is so weak that with cold solutions of the alkali earl)onates 
only acid salts of the type KHTeO^ are produced, the solutions of wl.icli 
are alkaline in reaction. 

The frequent presence of two molecules of water of crystallisation 
in the normal salts of the normal ” acid, for example Ag/re 04 . 2 Ho 0 , 
HgTe 04 . 2 lioO and KoTeO 4.21-1.20,^’ serves as a coniinnation of the 
suggested existence of an ortJiofelliiric acid, TI^TeO^j, of whicii sucn com- 
pounds can be regarded as acid salts ; indeed such salts as Hg.jTeO,; 
and Cu 3 Te 06 may be considered to be normal salts of this acid, although 
on the other hand they ma}' be classed as basic salts of the acid HoTeO 

The fact that the dihydrate in aqueous solution is a mucli weaker 
acid than sulphuric acid (see p. 385) may be cited as evidence tliat tiie 
two acids are materially dilferent in nature, and this supports tiie view 
that the dihydrate in solution is actually oiiihotelluric acid. 

The ordinary tellurates of colourless inetallic radicals are eoiouriCss 
substances. The salts of the alkali metals are soluble iii water but have 
no definite solubility. In many respects these salts resem-hle coliokis, 
many of the basic and so-called acid salts wliieli l^ve been deseribed 
having been shown to be adsorption compounds.' When the adkali 
tellurates arc heated, they decompose with the formation of tellurites, 
and they are generally more easily reducible tnan the latter salts. 

In addition to the afore-namccl classes of ssilts, purotellurates, sucn as 
NaHTcoO., can be obtained by the action of the calculated quantities 
of alkali carbonate or hydroxide on ordinary telluric acid. ^ When 
heated, these pyrotellurates, which are colourless, soluble salts, eliniinaie 
the elements of ^vater : 

2KHTe20.=Ho0-fKoTe4043. 

The resulting tetratellur cites or cinJnjdroteUurates are very sparingly 
soluble yellow solids, and it has been suggested (by Berzelius ;■ that the 

^ Rosenheim and tkeinheber, Zeit-^ch. anur'j. CJk 1911. 69 , _GG. 

- Fenises, Ann. Chini. anal.. 1915, 20 , 57. ^ ^ 

^ Joaciiinio^ln and Hirose, Biocliein. ZeitscJi., 192i, 125 . 1 . 

See also Joachimoccln, Ibid .. 1920, 107 , 3(H}. 

Metzner, Ann. Chi/n. FJi //■■., ISOS, [vii.], 15 ? 

Hntehins, J. Anier. Chem. boc.. 1905, 27 . ^^>7. ^ 

' Rosenheim and Jander, KoIIoid-Zeitsch., 191s, 22 , 2o. 
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yellow insoluble tetratellurates are closely related to the yellow insoluble 
tehiiriiirn trioxide, whilst the colouHess ordinary tellurates are to be 
referred to tl^ic colourless soluble telluric acid. On boiliny with nitric 
acid, the tetratellurates are converted into the soluble colourless teb 
lurates. Potassium tetratcllurate may also be obtained by fusion of 
tcllurous acid or an alkali tellurite with potassium nitrate. On coolino', 
the mass is extracted with water, and the tetratellurate, KoTe^jO^.^. 
remains behind as an insoluble powder. On reduction of this salt with 
nascent hydrogen, for example by suspending the powder in dilute 
hydrochloric acid and adding zinc, elementary tellurium is obtained as 
a black powder.^ 

That the foregoing classes of salts may be derived from different 
acids is quite feasible, for the second form of telluric acid described, 
alloielluric acid, obtained by heating the crystalline acid HgTcOg (p. 
385 ), differs from the ortho-acid not only in its greater acidity but in 
its precipitation reactions.- 

It is evident that telluric acid is notably different from what might 
be expected by analogy with sulphuric and selenic acids. One is 
hardly surprised, therefore, that isomorphism is exceedingly rare between 
the tellurates and the sulphates or sclenates.^ The tellurates do not 
form alums, they do not as a rule form mixed crystals with the sulphates 
or sclenates, the only fairly satisfactory case of mixed-crystal formation 
being witli rubidium hydrogen, sulphate and rubidium hydrogen telluratc. 

This exceptional behaviour of the tellurates is one of the arguments 
used by those chemists who wish to place tellurium elsewlierc than in 
the sulphur group of elements. 

Tellurates of organic bases have been described,'^ for example 
carbamide tellurate, CO(Xll2)2-If ; thio carbamide tellurate, 
CS (XII ) 2.4II oTcO ,1 ; JiexamcfJiyleaedeirainine telhiraie, (CH o ) yX' 4. II oTeO^. 
4H0O ; and injoerazine tellurate, C4ll4QX.2.2H2Te04.4H20. 

~CJiromotellur cites, 2R2O.4CrO3.TeO3, of sodium, potassium and 
ainmonium, have been prepared ^ by spontaneous evaporation of an 
aqueous solution containing the corres])onding dichromate (1 mol.), 
chromium trioxide (2 mols.) and telluric acid (1 mol.). Two ammoaium 
molijhdotellur cites, 3(X"Tl4)20.(Ulo03.TcO 3.71100 and 3(X'll3 )20.CMo03. 
2Te03.1()LIoO, have also been obtained.^ GucuiidiHiuiu salts of the 
molyhdotell'uric acid and of the corrcs])onding tungstotelliiric acid, have 
been prepared," and have been formulated in accordance with 
RosenheinTs views on the constitution of such heteropolv-acids (see 
this series, Vol. VII., Part III., p. 1 G 4 ) : (CXoIIJ,! Tc(MoO,i), |.GHoO 
and (CX3H,)ei:Te(W04)e].3H20. 


Tellurilxm axd Sulphur. 

Tellurium Disulphide, TeSo- — When hydrogen sul])hidc is passed 
into a solution of tellurium dioxide or into an acidilied solution of a 

^ Hulot, Bull. Soc. chirn., 1920, [iv.l, 27, 33. 

“ Mylius, Ber., 1901, 34, 2214. 

" Fellini, Atti R. Accad. Lincti, 1906, [v.], 15, i., 629, 711 ; 1909, [v.], 18, ii., 279. 

Greenbaum, Aruer. J . Pharm,., 1928, 100, 630. 

^ Berg, Compt. rend., 1911, 152, 1587 ; Bull. Snc. cJiirn., 1911, [iv.], 9, 583. 

^ Mcloclie and Woodstock, J. Ayner. Chein-. Sue., 1929, 51, 171. 


TT„ .1, 


COMPOUKDS OF TELLFRIOI. 3 S 0 

tellurite at room temperature, a reddish-brown precinitate ib ob:ai:ied 
ha\dng the composition TeSo. There has been mucli^ doubt exT)re:,,sed, 
however, as to whether tellurium sulphide is a true compound or nicrelv 
a mixture of the elements, since the sulphur is extracdable bv carbon 
disulphide, 

Hageman ^ has shown that below —20' C. the disulphide is -table, 
but that dissociation takes place at about that temperature, the decree 
increasing with rise in temperature ; the degree^ of dissociation at 
any temperature may, of course, be determined by tlie amount of 
ext.ractable sulphur present. The stability of the compound is tiicii 
solely a matter of temperature.^ 

I-Iageman ^ has also shown that the compound TeS suaux-sted by 
Snelling ^ does not exist. 

The existence of a trisulphide, TeS 3, produced by the action of 
hydrogen sulphide on a solution of telluric acid, is improbable, 
the product beha\dng like a mixture containing tree sulphur and 
tellurium. 

Tellurium and sulphur do not combine when fused together, but are 
miscible in all proportions in the molten condition (see p, 358 

Certain unstable thiotellurites have been prepared by the action of 
hydrogen sulphide on solutions of alkali tellurites, the most deiinite 
being the potassiuin salt, K2TeS3.^ 

Tellurium- Sulphur Sesquioxide or Tellurium Sulphoxide, 
TeS03. — As mentioned already (p. 357), tellurium dissolves in sul- 
phuric acid giving a red solution which probably contains a tellurium- 
sulphur sesquioxide. 

The compound is obtainable in the solid state by the addition of 
powdered tellurium to sulphur trioxidc, when combination occurs witii 
evolution of heat. Any excess of sulphur trioxide can be remo^•ed 
mechanically or by evaporation under reduced pressure. 

The substance, which is of a type general to the sulpliiir group ^see 
pp. 6, 338), is a red solid which softens at 30“ C. without melting. 
It is decomposed by water mainly into telluriam and bulp'iiurie acid, 
whilst in solution in sulphuric acid it undergoes oxidation into 'oasic 
tellurium sulphate on warming. Between 35' and 90' C. it is stated 
that the red compound is converted into an isomeric form having a 
reddish-brown colour." (See also p. 370.) 

Tellurium Sulphates. — By heating a mixdiire of powdered tellurium 
and concentrated sulphuric acid until a dry residue remained. Berzelius 
obtained a white, earthy mass, which after analysis he concluded to be a 
disidphate, TeOo.2S03 or Te(SO.i)o.® The composition of the product, 
however, is somewhat uncertain ; on heating it yields a more deiniite 
compound of composition 2Te0o.S03, wliicli can be regarded as a basic 
tellurium sulphate or as a pijrotellunjl sulphate. The Tatter compound 

^ Hageman, J . Amer. Chtm. Sue., 41 , 

- Sec also Bramier, Trans. Chern. Sue., iSUo, 67 , 54.1) ; Zuisrh. cuiuij. L Cc//;., iUo2, 32 , 
378 ; also Gutbior, 292. 

^ Hageman, loc. cit. 

' Siiolliiig, J . Arntr. Chtui. Sue., 1912, 34 , 8U2. 

^ Staudenmaier, Zciisch. anouj. Chun., 1895, 10 , 221. 

« Weber, J. 'praU. Chun., 1882 , [li.J, 25 , 218. 

' Divers and Shiniosc, Ber., 1883, 16 , 1U()4; 1884, 17 , 878. ^ 

s See Handbook of Ohemisinj (GmeKii, 1S5U), voi. iv., jj. 4U7 ; also Hagmis, ICag. 
AnnaUn, 1829, 17 , 521. 
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is also obtained as rliombic crystals {a : b : c=0*5265 : 1 : 0-78G0) Itoiu 
a solution of tellurium dioxide in diluted sulphuric acid. ^ 

Teiluropentathionic Acid, HoTeS^j^Og. — The sodium salt of this 
acid may be prepared by the action of tellurium dioxide on an aqueous 
solution of sodium thiosulphate in the presence of hydrochloric acid 
{cf. p. 840) : 

Te0,-;-4Xa2S2034-4TICl=Na2TeS40g-fXa2S40g+4NaCl+2H20. 
The salt decomposes in the presence of alkali with separation of tellurium. “ 


Tellurium and Selenium. 

Tellurium and selenium are miscible in all proportions when 
molten, no combination apparently occurring.^ 

A solution of telhiriu} a- selenium sesquioxide, TeSeOg, has been 
described (p. 857). A basic tellurium selenaie, 2 TeOo.Sc 03 , analogous 
to the foregoing sulphur compound, is obtainable from tellurium oxide 
and selenic acid.^ 


Tellurium and Nitrogen. 

Tellurium Nitride. — The formation of this compound has already 
beezi mentioned (see p. 875). It is obtained when anhydrous liquid 
ammonia reacts in the cold with a tetrahalide of tellurium. It is deep 
yellow in colour, amorphous, and when dry exTremeh" explosive. Its 
composition has not been determined with certainty, but its enqiirical 
formula is probably TeN or Te^N^. 

Tellurium Nitrite. — By the action of nitric acid on tellurium under 
special conditions, tellurium nitrite may be obtaizied as a llcsh-colouz’cd 
precqiitate. At 100 "" C. this pz'ccipitatc may be dried without dccom- 
positiozi ; above this teznpei’aturc it decomposes with the forznation of 
telluriuzn dioxide.^ 

Basic Tellurium Nitrate, Te 203 ( 0 H)N 03 , which has already been 
mezitioned (p. 879), is formed when a solution of tcllinlum or telfurium 
dioxide in ziitric acid is evaporated without excessive li eating. It 
crystallises izz rhoznbic pyz’aznidal crystals {a : b : 6*~0-590 : 1 : 0'()()7)d 

Whezi heated, the nitrate uzidergocs decomposition, which commences 
at 190" C., the lizial residue bcizig tellurium dioxide. Hot water rapidly 
hydrolyses the salt with Joiaziatiozi of tellurium dioxide and nitric acid. 

The cons ti tut iozi oi' tliis salt is probalzly ^ 

no. /NO 3 

/Tc-O-Tcd 


Jirauiier, Jlcouilsh., JSSO, lo, 111) ; 12, :>I ; Urba, Zdlsnh. Aby/.s/. Jfi,/., ISDJ, 19, 

5. Lor complex organic bisulphalc compounds ca)nlaining Lcllurmm, see- Drew, ,/. (nu.iii. 
Soc., JbdCi, p. oObi. - Norris, J. Ahicr. (Jhc.jrL. Soc., .1 !)()(), 28, KiTb. 

” Pollini and Mo, Alii R. Acat<l. Lincti, 11)00, [ v.J, 15, 11., -lO ; Kirnala, Mc.in. CoU. Rci. 
Kyolo, 1915, I, 1L9. ' McIzikm-, Alhu. Rhy.s., jS9S, jvii.J, 15, 208. 

Oefclc, F/iann. Zctilr.-lb., !920, 61, 491. 

Klein and i\lorel, Btdl. Son, cJn.ni-., 188b, [ii.], 43, 204; Norris, i''ay and Lldganly, 
A}/icr. Chew.. J., 1900, 23, KM ; Ivotlmoj-, Annulcn, 1901, 319, 1. 

' Jaeger, Rroc. K. Ahad. WdlcjiscJi. Avislcrdaw, 1910, 12, 002. 
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Tellurium axd Carbox. 


A tellurium analogue of carbon disulphide has not been isoiated. A 
product described as carbon ditelluride ^ has been shown to consist ut 
the sulphidotelluride and its decomposition products. 

Carbon Sulphidotelluride, CSTe. — ^By passing an are for bor.ie 
time under carbon disulphide between a graphite cat 'node and an 
anode of tellurium containing 10 per cent, of graphite, a reddisli-browii 
solution is obtained which, by repeated fractional extraction v/it’n 
carbon disulphide vapour in a special apparatus, yields a distillate 
consisting of a dilute solution of carbon sulphidotelluride.- After 
drying this solution with phosphorus pentoxide and concentrating on 
a water-bath, using a fractionating column, the pure product may be 
separated by cooling below —30" C. and protecting from strong liglit. 

Carbon sulphidotelluride forms yellowish-red crystals, meltin.^r at 
— C. to a brilliant red liquid of high refractive power. It ra]')idiy 
decomposes at room temperature. The ^'apour has a slightly penetrating 
garlic odour, and when inhaled causes the breath to have a strong 
odour for a considerable time afterwards. Cryoscopic and ebullioscopic 
measurements in carbon disulphide and benzene give a molecular 
weight in agreement with the foregoing formula. The compound is very 
sensitive towards light, in which decomposition takes place even at 
-50" C. 


Tellurium axd Cyaxogex. 


Tellurium Dicyanide, Te(CN)2. — Tellurium tctrabroniiae and 
sih'cr evanide in a suitable organic solvent such as benzene react accoro- 
ing to the equation 

TeBr 4 -y 3AgCN -Te(CN ) o + 3 AgBr^ CXBr. 


The telJurium cyanide may be obtained as a colourless solution^ on 
extraction with "ether. On evaporation and crystallisation oi this 
solution a double compound of cyanide and ether is ootained. irom 
which the pure cyanide may be prepared by distiUatioii itt vacuo. 

Tellurium dicwaiiidc after a few minutes' exposure to air apumes a 
gra]>lut e-like appearance due to the deposition ot tellurium. AN aiei anu 
alkalis hydrolyse it vith precipitation ot tellurium : 


2 Te(CX ) , -r 3H oO ==Te -f TeO (OH ) 2 ~ 4 HCX . 

AVhen heated in air the evanide burns with a pale blue Uame. It is 
soluble to a slight extent in chloroform and carbon Tetractiioricie. ^ U is 
also soluble in cold methyl alcohol without change, but when ihe soiatioii 

is warmed hvdrolysis occurs. _ ^ ^ 

Tellurium dicyanide decomposes into tellurium and e\ o a 

sli<>-lit extent at 100° C. The decomposition increases more rapiai\ aoo\c 

this temperature. At about 190° C. there is a sudden iuerea=,e m xnc 
rate of evolution of tlic gas.® 


^ Stock and Blumciiilial, Btr., 1911, 44, JSo2. 

- Stock and Pnetorius, ibid., 1914, 47 , „„ 1 ^ i , n f i-n'vaaide 

^ Cocksedge, Trans. Chem.Soc., 19C« 93. -’I'-'; 4’“' dUPub" V t'-lf St.' 1^6, 
on certain aromatic compounds, see Challenger, leUm arm 1 c i ^ , 

p. 1G4S. 
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Alums, 174, 337. 

Amidopcrmonosulpliuric acid, 192. 
Amidosulphinic acid, 120, 243. 
ATnidosulplionic acid, 243, 244. 
Ammonium amidosulplimato, 120, 21-.>. 

— araidosulphonate, 244, 2u3. 
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— chlorosulplionato, 99. 

— clLlorotcllurite, 374. 

— dithiocarbaraate, 274. 

— dithioformate, 265. 

— ethylselenite, 327. 

— imidosulphonate, 244, 

— inolybdotellurates, 3S8. 

— nitrilosulpbonate, 244. 

— oxytriselenopliosphale, 343. 

— perthiocarbonate, 269. 

— selenibromidc, 320, 341. 

— selenite, 330. 

— selenocyanato, 346. 

— sclenosamatc, 327. 

— tbiocarbonate, 266. 
Anhydrotellurates, 387. 

Antimony selenidc.s, 300. 

Arsen otellurite, 351 . 

A uni m. pa radoxu ni, 351. 

Azido carbon disulphide, 275. 
Azidodithiocarbonic acid, 275. 

Bariem dioxydisclenophospliate, 343. 

— selenate, 336. 

— • selenic acid, 336. 

— selenoc^'anate, 346, 

— tellurite, 383. 

Bismuth selenidcs, 300. 

Blaek sulphur, 8, 29, 

“ Blue acid,” 252. 

Blue sulphur, 29. 

Cadmium selcnide, 314. 

— tellurite, 383. 

CcBsium triselenocyanatci, 340. 
Calaverite, 350. 

Calcium oxysolenophosphate, 343. 

— selenate, 336. 

— selenocyanate, 346. 

Calgoorlite, 350. 

Carbamide tellurate, 388. 

Carbon bromoselenidcs, 344. 

— bromosulphide, 273. 

— dichlorosulphide, 272. 

— diselenide, 343. 

— disulphide, 255-275. 
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! 272. 

j , Chemical properties, 261. 

: , Detection, 263. 
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' — - - , Estimation, 263, 2(>4. 

: , Xlamifacture, 256, 257. 
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I — — , Breparation, 256. 
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, Uses, 264. 
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— monosulphide, 255. 
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— oxysulphide, 269-272. 
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I , Ih'operties, 270-272. 

I — siibselenides, 344. 

' — subsul]diitlc, 255. 

— sulpliides, 254, 255. 
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— Ictraeblorosulphide, 272, 273, 
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273. 
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-Dimethyltelluronium dihalides, 369. 
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— dicbloride, 70. 

— difluoride, 73. 

— dithiocyanate, 278. 
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Dithiocarbamic acid, 274. 
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Dithioformic acid, 265. 

Dithiolcarbonic acid, 266. 

Ditliionates, 206-210. 

Ditliionic acid, 206-209. 
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Ethyl mercaptan, 268. 

— selenite, 331. 
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Fluorosulphonic acid, 86. 
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, Halogen compounds, 5. 

, Hydrides, 4. 

, Oxides, 6, 7. 
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— thiocyanate, 274. 
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Hessite, 350. 
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— selenibromide, 319. 
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, Heat of formation, 5. 

■ — sulphide, 47-67. 

, Chemical properties, 55. 

, Detection, 65. 
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, — trisulphide, 70. 

: Hydrosulphites, 102, 227. 
i — , Applications, 22u. 

: — , Constitution, 229. 

■ — , Estimation, 232. 

I Hydrosulphurie acid, 47, 54. 
i Hydrosulphurous acid. .24, i 

I , Constitution. 229-231 
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i — -disulphonic acid, 243,* 24t 
j faadisuipaonie acivi, 246. 

— dithionate, 253. 

monosulphonic acid, 245. 

— sulphates, 252, 253. 

sulphonic ac:d.s, 243, 245, 

/sosulphonic acid-, 192. 2 

trisulphonic acid. 246. 

Hyposulphurous acid, 225. 
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Imidosulphonic acid, 243-24 
Iron pyrites, 9, 11, 149, 150, 
Iron selenides, 314. 
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Lead dithiodi-imide, 234, 23 

— selenoe^’anate, 347. 

— tellurite, 383. 

Leaf tellurium, 35u. 
Leiu'hachite, 286. 

hfAGHESiUM dioxydiselenoph 

— selenate, 336. 

— selenide, 314. 

— selenocyanate, 347. 

— tellurite, 383. 

Magnolite, 350. 

Manganous tellurite, 383. 
Mellone, 285. 

Melonite, 350. 

Mercurie selenite, 330. 

— selenocyanate, 347. 

— thiocyanate, 282. 
iMercurous selenocyanate, 34 
Mercury dithiodi-imide, 234, 
Metabisulpiiites, 131. 
hlethane, 265. 

Methyl mercaptan, 265. 

— methylxanthate, 26S. 

— • sulpinde, 268. 

■ — tctrarhio-oxalates, 268. 

— trithiocarhonate, 268. 
Molyhdo.selenites, 330. 
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Molybdotollurates, 3S8. 

Montaniie, 350. 

Xagyagiti^, 350. 

Nickel seletiide, 314. 

— - tellurite, 383. 

Xitrilosulphonic acid, 243, 245. 

Nitrogen bromosulpliidc, 239. 

— chlorosulphide, 238. 

— pentasulplnde, 236. 

— persulphide, 230. 

— sulphide, 233-236, 239. 

, Action on ‘'sulphur dichloridc,'’ 239. 

, Additive products, 235. 
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, Preparation, 233. 

, Properties, 233-235. 

Xitrosisulphonic acid, 252. 
Xitrosodisulphonic acid, 251. 
Xitrosohydroxylamine-sulphonic acid, 246. 
Xitrososulphonic acid, 246. 
Xitrososulphuric acid, 247. 
Xitrosulphamide, 241. 

Xitrosulphonic acid, 247-249. 

, Constitution, 249. 

, Properties, 248. 

— anhydride, 250. 

Xitrosulphonyl chloride, 250. 
Nitrosulphuric acid, 251. 

Xitrosylselcnic acid, 341. 

Xitrosylsulphuric acid, 154, 247. 
Xitrosylsulphuryl chloride, 250. 
Nitroxysulphuric acid, 155. 

Oleum, 144, 287, 288. 

Onofrite, 286. 

Orthotclluric acid, 384, 387. 
Oxyselenophosphates, 342, 343. 

Pah a - s ulp h at - ammox, 244. 
Pentathionates, 218. 

Pentathionic acid, 217-220. 

, Constitution, 221. 

, Estimation, 223. 

, Preparation, 217. 

, Properties, 218. 

Perdisulphates, 181-188. 

— , Detection, 187. 

— , Estimation, 187, 188. 

— , Properties, 183-186. 

Perdisulphuric acid, 181-188. 

, Constitution, 186. 

Permonosulphuric acid, 188-192. 

, Constitution, 191. 

, Detection, 192, 

, Estimation, 192. 

, Preparation, 188, 189. 

, Properties, 190. 

Peroxylaminic acid, 251, 252. 

Perselenic acid, 337. 

Persulphuric acids, 181-192, 


Petzite, 350. 

" Pharaolds serpent, s,” 282. 
Phosphoric selcnidc, 342, 
idiospliorous selenide, 312. 
Phosphorus chloroselcnide, 312. 

— monoselenide, 342. 

— pcntaselcnide, 342. 

— subselenidc, 341. 

— thioselcnidcs, 342. 

— triselenide, 342, 

Piperazine telluratc, 288. 

Polonium, 3. 

Polysclenides, 315. 

Poiysulpbidcs, Hydrogen, 68-73. 

— , — , Constitution, 71. 

— , Metallic, 67. 

Polythionic acids, 206-224. 

, Constitution, 221. 

— ■ — , Estimation, 223. 

Potassium chloropyroselcnite, 330. 

— dithioformatc, 265. 

— hexathionate, 220. 

— • hydrosulphitc, 225. 

— hydroxylamine disulphonatc, 247 
trisulphonate, 246. 

— oxyselenophosphate, 343. 

— platiselenocyanate, 348. 

— pyrosulphate, 99. 

— selenatc, 336. 

— sclenibromide, 320. 

— selenides, 300. 

— selenocyanate, 347. 

— selenoxanthate, 344. 

— tellurates, 387. 

— telluride, 358. 

— tellurites, 383. 
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— tetratellurate, 388. 

— thiotellurite, 389. 

— xanthate, 268. 

“ Purple acid,” 251. 

Pyrosulphatcs, 147. 

Pyrosulphitcs, 131, 132. 
Pyrosulphuric acid, 144-147. 
Pyrosulphurous acid, 124. 
Pyrosulphuryl chloride, 95-97, 301. 
P 3 ’rotellurates, 387. 

Pyroteburyl sulphate, 389. 

Rad eo-telldrium, 3. 

Radium E, 3. 

Red sulphur, 8. 

Rhodanic acid, 278. 

Rongalite, 228, 229. 

Selexates, 335-337. 
Selenibromides, 319. 

Sclenic acid, 331-335. 

— — - , Hydrates, 333. 

— anhydride, 331. 
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Selenium, Allotropy of, 289-293. 

, Amorphous, 290, 291. 

— , — , Red, 291. 

— , Applications, 301, 302. 

— , Atomic number, 304. 

— , — weight, 303. 

— , Behaviour towards light, 297-299. 

— , — with iodine, 320. 

— , Chemical properties, 299. 

— , Colloidal, 293-296. 

— , Crystalline, 291-293. 

— , — , Grey, 292. 

— , — , Red, 291, 292. 

— , Detection, 305-307. 

— , Discovery, 286. 

— , Electrical properties, 297. 

— , Estimation, 307-310. 

— , — in organic compounds, 308. 

— , sulphide minerals, 309. 

— , sulphite-cellulose liquors, 310. 

— , sulphur, 310. 

— , Extraction, 287. 

— , Gaseous dissociation, 289. 

— , Isotopes, 304. 

— , Liquid,"' 291. 

— , Metallic,” 290, 292. 

— , Molecular complexity in solution, 290. 

— , — constitution, 305. 

— , Monoclimc, 291. 

— , Occurrence, 286. 

— , Physical properties, 296. 

“ , Physiological action, 302. 

— , Purification, 289. 

— , Spectrum, 299. 

— , Use in glass industry, 301, 302. 

— , Valency, 304. 

— , Vapour density, 289. 

— , ” Vitreous,"’ 290. 

Selenium " alums,” 337. 

— boride, 349. 

— chlorotribromide, 320. 

— dichloride, 318. 

— dichlorodi bromide, 320. 

— dicvanide, 345. 

— dioxide, 326-328. 

, Additive compounds, 325, 327. 

monohydratc, 327. 

— hexafluoride, 315. 

— monobromide, 318. 

— monochloride, 316. 

- — nitride, 340. 

— oxybromide, 324. 

— oxychloride, 320-324. 

— oxyfluoride, 315, 320. 

— sulphoxide, 338. 

— tctrabromide, 319. 

— tetrachloride, 317. 

— tetrachlorobromide, 320. 

— telrafluoride, 315. 

— trioxide, 331. 

Selenocyanatcs, 346. 

Selenocyanic acid, 346. 

Selenocyanogen, 345. 

Selenonitronic acid, 341. 
Selenopentathionic acid, 340, 
Seleiiophosphates, 342. 
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I Selenotrithionare>, 339. 
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i Selenyl chluridc, 32“^-32-L 
i Silicon selcnide, 348. 
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; , Preparation, 193. 
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I Sulphates, 173. 
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I Sulphenie acids, ltd, 
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SUBJECT 

Sulphurous acid. Formation, 123. 

— — , Properties, 12‘3-12S. 

, Reducing action, 126. 

Sulphuryl chloride, 91-04. 

■ — lluoride, 85. 

Sylvanite, 350. 

Telluratks, 3S7. 

— , Complex, 388. 

• — , Organic, 388. 

Telluribromides, 377. 

Telluric acid, Estimation, 367. 

— acids, 384-387. 

Tellurichlorides, 375. 

Tellundes, ■Metallic, 350, 358, 371, 372. 

— , Organic, 372. 

Teliuri-iodides, 378. 

Tellurite, 350, 380. 

Tellurites, 382, 383, 

Tellurium, Allotropic forms, 353. 

— , Alloys, 363. 

— , Amorphous, 353. 

— , Atomic number, 361, 363. 

— , — weight, 360-363. 

— , Cliemieal properties, 357, 369. 

— , Colloidal, 355. 

— , Crystalline, 353. 

— , Detection, 364. 

— , Estimation, Electrolytic, 366. 

— , — , Gravimetric, 365, 

— , — , VTlumetric, 367. 

— , Extraction, 351. 

— , Fluorescence of vapour, 356. 

— , High-frequency spectrum, 361. 

— , History, 351. 

— , Isotopes, 363. 

— , Liquid, 354. 

— , Occurrence, 350. 

— , Physical properties, 352. 

■ — , Physiological action, 359. 

— , Position in Perioihc Table, 360, 2 

— , Puriiication, 352. 

— , Spectrum, 356. 

Tellurium dibromide, 376. 

— dicliloride, 373. 

— ■ dicyanide, 391, 

— di-iodide, 378. 

— dioxide, 379. 

, Acidic propcrtie.s, 382. 

, Basic properties, 381. 

— (lisulphate, 389. 

— disulphide, 388, 

— hcxalluoridc, 373. 

— monoxide, 379. 

— nitrate, Basic, 379, 390. 

~ nitride, 390. 

— nitrite, 357, 390. 

— oxybromides, 377. 

• — oxychloride, 376. 

— oxyfluorides, 373, 

— perchlorate, 376. 

— selenatc, Basic, 39<). 

— -hclcniuin sesquioxide, 35/, 390. 

— suboxide, 379. 

— sulphates, 389. 

— sulphoxidc, 224, 389. 
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— trisulphide, 3;;U. 
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, Esrimati'.m. 367, 

Tetradymite, 35o, 366. 
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— triselenide, 342. 

Tetratellui’ates, 387. 

Tetratellurous acid, 382. 

Tetrat hionates, 2 1 3-2 1 7 . 

Tet rat bionic acid. 213-217. 

, Con.stitutio.n. 221. 

, Estimation, 223. 

, Preparation, 213. 

, Properties, 215. 

Thallium selenides, 314. 

Thiocarbamide, 274, 

— teilurate, 388. 

Thioca rbon at es , 2 6 6-2 6 8 . 

Thiocarbonic acid, 266, 274. 

Thiocarbonyl chloride, 272. 

— sulphoehioride, 273. 

— tetraehio!-idc, 273. 

Thiocyanates, 2SiU284. 

— , Complex, 2S3. 

Thioeyanic acid, 278. 

— thioanhydride, 277. 

Thiocyanogen, 276, 2. .. 

" Thiocyanoseleniuus acul, 33n. 
i Thiodnhiazyl dichloride. 239. 

I Thioformaldehyde, 265. 

I Thiolcarbonic acid. 266.^ 268. 

1 Thiolthioncarbamic acid. 2.4. 

' Thioltliioncarbonic acid. 2uG. 
Thioncarhonic acid, 266. 

Thiontdamide, 241. 

Thionvl bromide, 160. 

— chloride, 87-91. 

— fluoride, 84. 

Thiophen, 258, 262. 

Thiophosgenc, 272. 

Thiophten, 258. 

Thioselenic acid, 338. 

Thiosulphates, 192-206. 

— , Applications, 202. 

— , Constitution, 2u3. 

— , Decomposition, 195. 

- — , Detection. 204. 

— Estimation, 204-2o6. 

I — , Formation, 193. 

; — , Properties, 19iL 
! Thiosulphiiric acid, i92-2t!6. 

i - . Constitution, 202. 

i , Decomposition. 19,). 

i ^ Eonuatioii, 193. 
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SULPHUR, SELEXJUM, AND TELLURIUM. 


Thiosulphuric acid, ProiDcnies, 104. 
Thiolellurites, 389. 

Thiotrithiazyl bromide, 240. 

— chloride, 238. 

— compounds, Constitution, 240. 

— hydrogen sulphate, 240. 

— iodide, 240. 

— nitrate, 238, 240. 

— thiocyanate, 240. 

Thiourea, 274. 

Thiourethane, 268. 

Toluencseleninic acid, 333. 

Triammonium imidodisiilphinate, 120, 243. 
Trichloromethyl disulphide, 272, 273. 

— sulphur chloride, 272, 273. 

— trisulphide, 272, 273. 

Trisulphiniide, 242. 

Trisulphur tetrachloride, 74. 

Trithiazyl chloride, 238. 

Trithiocyanuric acid, 284. 

Trithionates, 210-213. 

Trithionic acid, 210-213. 

, Constitution, 221. 

, Estimation, 223. 

, Preparation, 210. 

, Properties, 211. 


j Ultraoiarixm, 29. 
i Uranyl sclenites, 330. 


VUnados nij' X iTKs, 330. 
" Violet ai-id," 154, 252. 
Viscose, 204. 
Vulcanisation, 13, 264. 


WackenroduiCs solution, 217, 220. 
i Water, Heat of formation, 5. 


I Xan;t7-[ates, 264, 2(58. 

I Xanthic acid, 268. 

! Xanthogenamide, 2(58. 

: Xantliogenic acid, 268. 


Zixe hydros 111 pli it (', 225. 

— selenide, 3 1 4. 

— selenocyanate, 3-1 S. 

— sulphoxylate, 102. 

— xanthati's, 264. 
Zorgite, 286. 



